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Chromosome biorientation and congression during mitosis require precise control of 
microtubule dynamics (Mitchison and Kirschner 1985; Skibbens et al. 1993; Rieder and 
Salmon 1994; Kalab et al. 2006). The dynamics of kinetochore microtubules (K-MTs) are 
regulated by a variety of microtubule associated proteins (MAPs) (Wood et al. 1997; 
Antonio et al. 2000; Kalab et al. 2006; Mayr et al. 2007; Wordeman et al. 2007; Cai et al. 
2009). Recently, a MAP known as HURP (hepatoma up-regulated protein) was identified 
(Tsou et al. 2003; Koffa et al. 2006; Sillje et al. 2006). During mitosis, RanGTP releases 
HURP from the Importin β inhibitory complex and allows it to localize to the kinetochore 
fiber (K-fiber) (Sillje et al. 2006; Song and Rape 2010). HURP bundles and stabilizes K-
fibers and promotes chromosome congression (Sillje et al. 2006; Wong and Fang 2006; 
Santarella et al. 2007). However, the mechanism underlying the role of HURP in 
regulating chromosome congression and proper mitotic progression remains elusive. This 
study investigates the role of HURP in mitosis by characterizing the domain function of 
HURP. By studying truncation and deletion mutant of HURP, we identify a functional 
microtubule binding domain, a Kif18A binding domain, an Importin β regulatory domain 
and two D-boxes. We show that overexpression of the N-terminal microtubule binding 
domain (1-278 aa, HURP
278
) of HURP induces a series of mitotic defects including 
lagging chromosomes during the late prometaphase to metaphase stage, prolonged 
mitosis and increased kinetochore oscillation amplitude, mimicking the effects of Kif18A 
depletion. In addition, we identify Kif18A as a novel interaction partner of HURP. We 
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reveal that HURP regulates Kif18A localization, movement and dynamics at the plus-end 
of K-MTs. The specificity of the effect of HURP on Kif18A is further confirmed by 
rescue experiment as the misaligned chromosomes in HURP
278
-overexpressing cells can 
be partially rescued by the overexpression of Kif18A. Our results demonstrate in part the 
regulatory mechanism for Kif18A at the K-MTs during chromosome congression and 
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CHAPTER 1 INTRODUCTION 
 
1.1 Spindle formation and chromosome capture 
 
The primary goal of mitosis is to segregate two identical sets of chromosomes into two 
daughter cells. To achieve this purpose, a microtubule based cytoskeleton structure 
known as spindle apparatus must be assembled.  Spindle apparatus captures all the 
chromosomes and aligns them at metaphase plate for further segregation. This section 
presents a review of the molecular mechanism of spindle assembly and chromosome 
congression based on up-to-date published literatures. The review will focus on the 
structure of spindle and discuss the mechanism of chromosomes bi-orientation and 
congression and several important regulators involved in this process. 
 
1.1.1 Structure basis of spindle apparatus 
 
The major building block of spindle apparatus is microtubule.  Microtubule is a 
polarized polymer composed of α-/β-tubulin subunits (Figure 1.1A).  Its polarity is 
conferred by the head-to-tail assembly of α-/β-tubulin heterodimers (Mitchison 1993; 
Nogales et al. 1999). The most important property of microtubule is its dynamic 
instability. Mitchison and Kirschner observed that the plus-end of microtubules is highly 
dymanic and undergoes rapid growing (rescue) and shrinking (catastrophe) at any given 
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time (Figure 1.1B) (Mitchison and Kirschner 1984); the rescue and catastrophe at 
microtubule ends takes place mainly at the β-tubulin headed plus-end of microtubules 
(Walker et al. 1988). This unstable state allows the transition between the disassembly of 
interphase microtubule array and the assembly of spindle apparatus. In vitro studies show 
that high concentration of purified tubulin subunits self-assemble into microtubules; 
while in vivo microtubule nucleation requires much lower tubulin concentration (Wiese 
and Zheng 2006). This difference leads to the discovery of microtubule organizing 
centers (MTOCs). MTOCs are responsible for microtubule nucleation and anchoring. 
Mammalian cells contain two main types of MTOCs: the basal bodies associated with 
cilia and the centrosome involved in spindle formation (Wiese and Zheng 2006).  
 
During mitosis, duplicated centrosomes move to the opposite sides of the cell and 
nucleate radial arrays of microtubules. The minus-ends of these microtubules are 
embedded in centrosomes while their plus-ends pointing toward the cytoplasm, resulting 
in a bipolar array of microtubules (Stearns and Kirschner 1994; Li and Joshi 1995; 
Chretien et al. 1996; Dammermann et al. 2003). Spindle microtubules are further 
classified into three groups: astral microtubules are highly dynamic and responsible for 
spindle positioning, kinetochore microtubules connect the centrosomes to kinetochores 






Figure 1.1 Microtubule structure and dynamics. 
 
(A) A schematic diagram of microtubule structure. The β-subunit of tubulin is on the plus 
end.  
(B) A schematic diagram illustrating dynamic instability of microtubules. Microtubules 
growing out from a centrosome switch between phases of growing and shrinking. The red 
microtubule is undergoing the switching from growing to shrinking (Catastrophe). The 
green microtubule is undergoing the switching from shrinking to growing (Rescue).  











Figure 1.2 Basic features of the mitotic spindle in metaphase. 
 
The minus ends of microtubules are embedding in the centrosomes and the plus ends of 
microtubules are pointing outward. Numerous microtubule associated proteins 
(represented by “x”s) cross-link the minus ends of microtubules at the spindle poles and 
the plus ends of interpolar microtubules in the spindle midzone. Additional motor and 
other proteins link astral microtubules to the cell cortex, kinetochore microtubules to the 
kinetochore, and interpolar microtubules to the chromatid arms (not shown). Three 
different spindle microtubules are indicated in the figure.  
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This figure was modified from “The cell cycle: principles of control”, Chapter 6, by 
David Owen Morgan. 
 
 
1.1.2 Kinetochore capture and chromosome bi-orientation 
 
To properly align their chromosomes at metaphase plate, sister-kinetochores in 
eukaryotic cells must attach to microtubules that extended from the opposite poles of 
spindle apparatus (bi-orientation or amphitelic attachment). Sister kinetochore bi-
orientation is achieved in a successive process. First, kinetochores are attached to a single 
astral microtubule laterally. Next, attached kinetochores are moved toward the spindle 
pole along the microtubules. Subsequently, the unattached kinetochores are captured by 
microtubules that extended from the other spindle poles. Eventually, the lateral 
attachment between kinetochores and microtubules converts to end-on attachment and 
each sister kinetochores attachs to microtubules that extend form opposite spindle poles 
(Tanaka et al. 2005). 
 
The crucial prerequisite for chromosome bi-orientation is the capture of 
kinetochore by microtubules. To explain this process, Kirschner and Mitchison proposed 
a “search-and-capture” mechanism, in which the astral microtubules extend form spindle 
poles search through the cytoplasm until them eventually capture the kinetochores 
(Kirschner and Mitchison 1986). This hypothesis was based on the discovery of the 
dynamic instability of microtubules, which allows micortubules to search through space 
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more efficiently (Mitchison and Kirschner 1984). However, the randomized search and 
capture is not efficient enough to explain the timing of kinetochore capture (Figure 1.3A), 
mathematical modeling shows that astral microtubules must grow preferentially toward 
chromosomes in order to complete the kinetochore capture in time (Wollman et al. 2005). 
This biased “search-and-capture” is dominated by RanGTP gradient (Caudron et al. 2005; 
Wollman et al. 2005). During mitosis, RanGTP generated by chromatin-bound guanine 
nucleotide exchange factor RCC1 forms a concentration gradient in the center of 
chromosomes and activates a variety of microtubule associated proteins (MAPs) by 
releasing them form importins (Carazo-Salas et al. 2001; Nachury et al. 2001; Wilde et 
al. 2001; Carazo-Salas and Karsenti 2003).  These activated MAPs promote microtubule 








Figure 1.3 Unbiased and biased search and capture 
 
(A) A schematic presentation of the unbiased search-and-capture model. Microtubules 
growing out from centrosomes randomly explore through space in every direction. The 
efficiency of kinetochore capture is low. 
(B) A schematic presentation of the biased search-and-capture model in the presence of 
RanGTP gradient. RanGTP gradient stabilizes and promotes microtubule growth by 
activating a series of microtubule associated factors. Therefore microtubules grow 
preferably toward chromosomes. The efficiency of kinetochore capture is enhanced.  




1.2 Roles of kinesins in regulating chromosome congression 
 
Faithful chromosome segregation ensures proper alignment of chromosomes at the 
metaphase plate, a process known as chromosome congression. The current model for 
congression proposes that the translocation of bi-orientated chromosomes is a result of 
the combined effect of kinetochore microtubule dynamics and motor proteins that push 
chromosomes away from pole (Rieder et al. 1986; Khodjakov et al. 1999; Joglekar and 
Hunt 2002). The direction of chromosome movement is mainly determined by 
kinetochore microtubule plus-end dynamics and the force generated by motor proteins. 
Chromosome away-from-pole movement correlates to the addition of tubulin dimers at 
the kinetochore microtubules and the poleward movement correlates to the removal of 
tubulin dimers (Inoue and Salmon 1995). The dynamic instability of the kinetochore 
microtubules extends from opposite poles of spindle periodically changes the direction of 
chromosome movement (chromosome oscillation) and the inter-kinetochore distance 
(kinetochore breathing) until the anaphase onset (Rieder et al. 1986; Pearson et al. 2004; 
Gardner et al. 2005; Jaqaman et al. 2010). 
 
Recently, two microtubule depolymerizing kinesins Kif18A and MCAK are 
shown to be important for regulating chromosome oscillation and proper chromosome 
congression (Kline-Smith et al. 2004; Lan et al. 2004; Mayr et al. 2007; Stumpff et al. 
2008). In general, kinesins are motor proteins that translocate cargo along the surface of 
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the microtubules. Interestingly, Kif18A and MCAK can depolymerize microtubules from 
their ends. This unique feature makes these two motor proteins important for regulating 
chromosome movement through modulating microtubule dynamics. In the following 





Kif18A is a microtubule plus-end directed motor that belongs to the kinesin-8 family 
(Luboshits and Benayahu 2005). Kif18A is composed of a highly conserved N-terminal 
motor domain, a coiled-coil region and a C-terminal cargo binding domain (Figure 1.4) 
(Luboshits and Benayahu 2005). The protein level of Kif18A is up-regulated at the 
mitotic stage, indicating that Kif18A may involve in regulating mitotic progression (Mayr 
et al. 2007). During mitosis, Kif18A is enriched at the plus-end of spindle microtubules 
(Mayr et al. 2007). Recent studies show that the yeast kinesin-8 motor Kip3p specifically 
depolymerizes plus-ends of microtubules in a length dependent manner (Gupta et al. 
2006; Varga et al. 2006). Similar to its yeast ortholog Kip3p, the human Kif18A 
translocates uni-directionally along microtubules and depolymerizes microtubule plus-
ends in vitro (Gupta et al. 2006; Varga et al. 2006; Mayr et al. 2007). Knockdown of 
Kif18A in HeLa cells results in increased mitotic spindle length, reduced inter-
kinetochore tension and defective chromosome congression (Mayr et al. 2007). To 
further understand the role of Kif18A in regulating chromosome congression, 
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Wordeman’s group quantified the oscillatory movement of bi-orientated chromosomes 
and found that the amplitude of chromosome oscillation was specifically controlled by 
Kif18A as knockdown of Kif18A increased the amplitude and overexpression of Kif18A 
decreased the amplitude (Stumpff et al. 2008). Taken together, these findings suggest that 
Kif18A controls chromosome oscillation and promotes chromosome congression by 
selectively depolymerizing longer kinetochore microtubules. However, the regulatory 
mechanism of Kif18A is poorly understood. 
 
 
Figure 1.4 Schematic outlines the major domains of Kif18A 




The mitotic centromere-associated kinesin (MCAK) is a microtubule plus-end directed 
motor that belongs to the kinesin-13 family (Wordeman and Mitchison 1995). MCAK is 
a microtubule depolymerase (Hunter et al. 2003). Compared to Kif18A which 
specifically depolymerizes the plus-ends of microtubules, MCAK translocates to both 
ends of microtubules and depolymerizes them (Helenius et al. 2006). The interaction 
between MCAK and microtubules is transient, MCAK utilizes lattice diffusion to 
efficiently target to microtubule ends (Helenius et al. 2006). Thus, concentration of 
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MCAK at the microtubule tip is not dependent on the length of microtubules. During 
mitosis, MCAK locates to centromeres from prophase to telophase (Wordeman and 
Mitchison 1995). The centromere localization of MCAK is specifically regulated by 
Aurora B kinase through phosphorylation (Lan et al. 2004). Knockdown of Aurora B 
abolishes the centromere localization of MCAK (Andrews et al. 2004; Lan et al. 2004). 
In addition, Aurora B phosphorylation also modulates the microtubule depolymerase 
activity of MCAK (Lan et al. 2004). Although MCAK involves in regulating microtubule 
dynamics, knockdown of MCAK does not change the movement speed of chromosomes, 
suggesting that the primary role of MCAK is not to regulate chromosome movement 
(Kline-Smith et al. 2004). The activation of MCAK by Aurora B phosphorylation is 
required for the releasing of improper attachments between microtubules and 
kinetochores (Andrews et al. 2004; Kline-Smith et al. 2004; Lan et al. 2004; Knowlton et 
al. 2006). The removal of mal-oriented kinetochore-microtubule connections is vital for 
ensuring proper chromosome congression and segregation (Cimini et al. 2001; Cimini et 
al. 2002). Loss of the error-correction mechanism is a major source of aneuploidy, a hall 
mark of cancer (Pathak and Multani 2006; Cimini 2008). Therefore, MCAK is becoming 
a potential target for cancer therapy. 
 
 
Figure 1.5 Schematic outlines the major domains of MCAK 




Table 1.1 Comparison between Kif18A and MCAK in regulating microtubule 
dynamics and chromosome congression 
 
 Kif18A MCAK 
Localization 
MT plus-end, outer 
kinetochore 
Centromere, centrosome 
Concentration MT length dependent Aurora B dependent 
MT translocation Slow, processive Fast, diffusive 
MT depolymerase activity Plus-end only Plus-end and minus-end 
Depolymerizing effect Shortening MTs MT shortening/MT removal 
























1.3 Function and regulation of HURP in mitosis 
 
Until today, around 30 research articles related to Hepatoma Up-Regulated Protein 
(HURP) have been published. Most of them focus on investigating the function and 
regulation of HURP during mitosis. The following section presents an overview of the 
HURP studies. In addition, the potential value of HURP study in cancer research will also 
be discussed 
 
1.3.1 Tissue specific distribution and cell cycle expression profile of HURP 
 
HURP was initially identified as a cancer related gene by C. K. Chou’s group (Chiu et al. 
2002; Huang et al. 2003). Using RT-PCR screening, they found that in the tumor tissue of 
transitional cell carcinoma (TCC), the mRNA level of HURP is significantly higher than 
the adjacent normal tissue (Chiu et al. 2002). Their further study shows that the mRNA 
level of HURP also varies in different human tissues. Specifically, the highest mRNA 
level of HURP was found in fetal liver. Meanwhile, they also found that in cellular level, 
HURP is significantly up regulated during mitosis (Huang et al. 2003), suggesting that 
HURP may involve in mitotic regulation. 
 
1.3.2 Mitotic localization of HURP 
 
During mitosis, HURP mainly co-localizes with spindle microtubules. Unlike most 
Microtubule Associated Proteins (MAPs) which co-localizes with the entire mitotic 
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spindle, HURP only sticks to a specific region in the vicinity of chromosomes and near 




Figure 1.6 Mitotic spindle localization of HURP 
 
HeLa S3 cells were fixed and permeabilized with PTEMF* and probed with anti-HURP 
antibody (red) and anti-α-tubulin antibody (green), and DNA was stained with DAPI 
(blue). Scale bars, 10 µm. This figure was adapted from (Sillje et al. 2006) 
*PTEMF: 0.2% Triton X-100, 20 mM PIPES, 1 mM MgCl2,. 10 mM EGTA, 4%  
formaldehyde. 
 
The kinetochore fiber (K-fiber) localization pattern links HURP to RanGTP 
regulating pathway. RanGTP is an important mitotic regulator involved in coordinating 
spindle formation and kinetochore-microtubule capture. In RanGTP pathway, three other 
components are inevitably required: the guanine nucleotide exchange factor RCC1, 
GTPase activating protein RanGAP and importin β (Kalab and Heald 2008). During 
mitosis, RanGTP generated by RCC1 on chromosomes continuously being hydrolyzed 
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from RanGTP to RanGDP by RanGAP in cytoplasm, results in forming a RanGTP 
concentration gradient from chromosome to cytosol (Carazo-Salas et al. 1999). This 
concentration gradient further interacts with importin β by directly release the cargo 
protein from importin β, thereby activates the cargo protein (Nachury et al. 2001; 
Caudron et al. 2005; Torosantucci et al. 2008). There are many important spindle 
assembly factors that are regulated by RanGTP-importin β pathway such as TPX2 (Gruss 
et al. 2001), XCTK2 (Ems-McClung et al. 2004), NuMA (Nachury et al. 2001; Wiese et 
al. 2001) and Rae1 (Blower et al. 2005). Meanwhile, recent studies add HURP as a new 
target for RanGTP and importin β (Koffa et al. 2006; Sillje et al. 2006). They found that 
the K-fiber localization of HURP can be abolished by either the overexpression of a 
dominant negative allele of Ran, RanT24N or the overexpression of importin β (Sillje et 
al. 2006). This result strongly suggests that the association between HURP and K-fiber is 
subjected to the binding of importin β and the regulation of RanGTP. 
 
1.3.3 Phosphorylation regulation of HURP 
 
Human HURP contains 846 amino acids (aa). Computational analysis on protein 
sequence shows that HURP contains many potential phosphorylation sites (Huang et al. 
2005). Subsequently, this result has recently proved by biochemical studies which show 
that HURP can be phosphorylated by Cdk1-cyclin B and Aurora A (Hsu et al. 2004; Yu 
et al. 2005; Wong et al. 2008). Multiple site phosphorylation of HURP by Cdk1-cyclin B 
targets HURP to ubiquitin mediated proteolysis pathway through SCF
Fbx7
 complex (Hsu 
et al. 2004). SCF is a multiple subunit E3 ubiquitin ligase complex which includes Skp, 
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Cullin and F-box proteins (such as Fbx7) (Kipreos and Pagano 2000). In this degradation 
pathway, phosphorylated HURP physically associates with the C-terminal PRR motif of 
Fbx7. HURP-Fbx7 complex can therefore be recognized by the Skp subunit of the SCF 
complex (Hsu et al. 2004). As indicated in this study, the protein levels of HURP increase 
at the beginning of mitosis and decrease when cells exit from mitosis. This expression 
profile strongly suggests that the degradation process of HURP should start at the end of 
mitosis. Given that the SCF complex is not a mitotic specific E3 ligase (Vodermaier 
2004), this study fails to provide any direct evidence to support that the down-regulation 
of HURP at the end of mitosis is related to Cdk1-cyclin B phosphorylation and SCF 
complex. 
 
In addition to Cdk1-cyclin B, HURP can also be phosphorylated by Aurora A. 
Generally accepted as a mitotic serine/threonine kinase, Aurora A is important for 
regulating centrosome cycle, spindle formation and chromosome separation (Ducat and 
Zheng 2004; Brittle and Ohkura 2005; Sardon et al. 2008). Recent studies show that 
Aurora A is also able to regulate both the stability (Yu et al. 2005) and the microtubule 
binding of HURP (Wong et al. 2008). In the former study, they found that Aurora A 
phosphorylates four residues of HURP at the C terminus. Using biochemical approaches, 
they demonstrated that these phosphorylated residues stabilize HURP protein during 
mitosis and likely facilitate the formation of a HURP protein complex in Xenopus egg 





Other than regulating the stability of HURP, Aurora A is also able to regulate the 
microtubule binding activity of HURP (Wong et al. 2008). By truncating HURP protein 
into 3 fragments, Wong et al. identified a potential microtubule binding domain at the N-
terminal of HURP. Moreover, they found that the binding between the N-terminal of 
HURP and microtubules is regulated by the C-terminal of HURP in an Aurora A 
dependent manner (Wong et al. 2008). Specifically, Aurora A phosphorylates the C-
terminal of HURP and the microtubule binding domain on the N-terminal of HURP can 
be therefore exposed (Yu et al. 2005). Although they nicely presented a new function of 
Aurora A, this study failed to address several potentially important questions. Firstly, it 
would be interesting to know how the Aurora A dependent regulation of HURP stability 
and HURP-microtubule binding affect the role of HURP in mitosis. Secondly, in this 
study, the authors discovered a spindle elongation phenotype when the HURP N-terminal 
fragment is overexpressed (Yu et al. 2005). Spindle length elongation is usually related to 
either the defect of the spindle force generation or the abnormality of the microtubule 
dynamics (Goshima et al. 2005); however, this study failed to provide any further 
explanation for this interesting phenotype. 
 
1.3.4 HURP bundles and stabilizes K-fibers 
 
Similar to many MAPs, HURP is able to regulate the dynamics of spindle microtubule. 
Several functional studies show that HURP is able to bundle and stabilize spindle 
microtubule by in vivo and/or in vitro assays (Koffa et al. 2006; Sillje et al. 2006; Wong 
and Fang 2006). For example, the microtubule cold stability assay shows that knockdown 
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of HURP significantly reduced the K-fiber stability in HeLa cells (Sillje et al. 2006). 
Knockdown of HURP also leads to the decrease of the interkinetochore distance and the 
presence of unaligned chromosomes (Koffa et al. 2006; Sillje et al. 2006; Wong and Fang 
2006), indicating the defects in force generated by mitotic spindle. In addition, cells loss 
of HURP experienced a prolonged metaphase (Wong and Fang 2006), indicating a role of 
HURP in regulating chromosome congression and segregation. To gain more detailed 
mechanism of how HURP regulates microtubule dynamics, Hoenger’s group uses EM to 
investigate the structure of HURP stabilized microtubules in vitro (Santarella et al. 2007). 
Their interesting finding shows that HURP is able to induce the formation of a unique 
tubulin sheets that wrap around the ends of intact microtubules and therefore bundle and 
stabilize microtubules. However, the detailed mechanism of how this tubulin sleeve 
affects kinetochore microtubule dynamics remains largely unknown. In addition, it is 
unclear whether the K-fiber localization of HURP correlates to the formation of this 






Figure 1.7 Rings, bracelets, sleeves and chevrons formed by kinetochore proteins 
 
(a) Recombinant Dam1 complex bound to paclitaxel-stabilized microtubule. Electron 
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micrographs of negatively stained material.  
(b) MCAK stabilized tubulin bracelets. Paclitaxel-stabilized microtubule in the presence 
of recombinant MCAK (core motor domain plus 64 residues of the neck domain) and 
AMPPNP. An electron micrograph of negative stained material.  
(c) Recombinant HURP was incubated with tubulin in the presence of GTP. Vitrification 
by quick-freezing was followed by freeze-drying and then unidirectional metal 
shadowing before cryoelectron microscopy. The red box indicates a region of the 
microtubule covered with a sleeve.  
(d) Recombinant Ndc80 complex bound to microtubules stabilized with GMPCPP. (i) An 
electron micrograph of negative stained material; (ii) a trace of the EM image to depict 
the chevrons. Reproduced with permission from Refs (a) (Miranda et al. 2005), (b) 
(Moores et al. 2006), (c) (Santarella et al. 2007) and (d) (Cheeseman et al. 2006). The 
scale bars represent 50 nm. 
This figure was adapted from (Davis and Wordeman 2007) 
 
1.3.5 HURP complex 
 
Recently, Mattaj’s group identified a large HURP protein complex in Xneopus egg 
extract consisted of a microtubule binding protein TPX2, a microtubule plus-end tip 
associated protein (+TIP) XMAP215 (TOGp in human), a microtubule plus end directed 
motor Eg5 and a mitotic kinase Aurora A (Koffa et al. 2006). They show that the 
formation of the HURP complex is dependent on the function of Aurora A. In addition, 
they found that the HURP complex and the Aurora A activity was also required for the 
RanGTP induced transition between aster-like structure and spindle-like microtubule 
structure in Xenopus egg extract, inhibition of Aurora A or HURP function abolished the 
RanGTP induced bi-polar spindle formation (Koffa et al. 2006). Their finding raised a 
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fascinating question regarding the roles of Ran and Aurora A in regulating spindle 
formation by synergistically regulate microtubule associated proteins and motor proteins. 
Previous studies demonstrate that Ran is able to regulate the K-fiber localization of 
HURP and the protein stability of HURP through Importin β (Sillje et al. 2006; Song and 
Rape 2010). In addition, two other components of HURP complex, TPX2 and Eg5, are 
also found to be regulated by Ran (Gruss et al. 2001; Wilde et al. 2001; Trieselmann et al. 
2003). On the other hand, Ran activated TPX2 is important for the activation and the 
spindle localization of Aurora A (Gruss et al. 2001; Kufer et al. 2002; Trieselmann et al. 
2003; Eyers and Maller 2004; Xu et al. 2011). TPX2 also interacts with Eg5 by its C 
terminus (Eckerdt et al. 2008). This interaction is important for the poleward 
transportation of TPX2 (Eckerdt et al. 2008; Groen et al. 2008; Tanenbaum et al. 2009; 
Ma et al. 2010). Meanwhile, TPX2 activated Aurora A in turn phosphorylates HURP and 
regulates its microtubule binding ability and stability (Yu et al. 2005; Wong et al. 2008). 
Although these studies shed some light regarding the functional interplay between 
members of HURP complex, the exact roles of this protein complex in regulating mitosis 












1.4 HURP and cancer 
 
HURP was initially drawn to attention due to its relationship to carcinogenesis. The 
expression level of HURP mRNA is much higher in tumor tissue of transitional cell 
carcinoma (TCC) compared to the adjacent normal tissue (Chiu et al. 2002; Huang et al. 
2003), indicating that HURP can be served as a cancer marker gene. Further studies show 
several additional evidence suggesting the potential relationship between HURP and 
cancer: Firstly, the mRNA level of HURP is up-regulated in human hepatocellular 
carcinomacells (HCC). Secondly, overexpression of HURP promotes cell survival in low 
serum medium; Thirdly, in normal tissues, HURP only expresses  at high levels in rapid 
duplicating cells such as fetal liver, colon, testis and regenerating mouse liver (Tsou et al. 
2003). Lastly, high protein level of HURP is correlated with taxol resistance in HCC cells 
(Kuo et al. 2011). Recently, Chao’s group bridged the gap between the hepatitis B virus 
infection (HBV) and the HURP up regulation. They found that X protein (HBx) from 
HBV, which plays a role in pathogenesis of HCC (Feitelson 1992; Robinson 1994; Yen 
1996; Murakami 1999), was able to induce the overexpression of HURP (Kuo and Chao 
2010). Overexpressed HURP increased the resistance of cisplatin induced apoptosis in 
Hep3B cells, whereas knockdown of HURP abolished this effect (Kuo and Chao 2010). 
Despite these findings, it is still not clear whether the up regulation of HURP is the cause 





1.5 HURP phenotypic studies in model organisms 
 
Sequence alignment showed that HURP contains an evolutionally conserved guanylate 
kinase-associated protein (GKAP) motif (Tsou et al. 2003; Bennett and Alphey 2004). 
Based on this conserved motif, the Drosophila homolog of HURP, Mars, was identified 
(Yang et al. 2005). Similar to HURP, overexpression of Mars in Drosophila eye disc 
cells induces mitotic delay and chromosome misalignment (Yang et al. 2005). In addition, 
misregulation of Mars also leads to centrosome misposition or centrosome detachment 
from mitotic spindle (Yang et al. 2005; Zhang et al. 2009). Knockdown of Mars in 
Drosophila S2 cells impairs the formation of kinetochore microtubules (Yang and Fan 
2008), which further leads to chromosome congression defects and mitotic delay (Yang 
and Fan 2008). Taken together, these studies suggest that HURP plays a pivotal role in 
maintaining chromosome fidelity by controlling the formation of a proper bi-polar 
mitotic spindle. 
 
Although depletion of HURP in human cells displays mitotic defects such as 
mitotic delay and chromosome misalignment (Wong and Fang 2006). Surprisingly, 
HURP knockout mice develop normally and are indistinguishable from their wild-type 
littermates (Tsai et al. 2008). The only defect identified by Tsai’s group is the female 
infertility, whereas the males reproduce normally (Tsai et al. 2008). They found that 
HURP deficient female mice are not able to form implantation sites due to the defects in 
endometrial stromal proliferation during implantation (Tsai et al. 2008). Their finding 
suggests an indispensable role for HURP in female reproductive system.  
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1.6 Hypothesis and aims 
 
The fidelity of chromosome segregation relies on proper chromosome congression at the 
metaphase plate. During chromosome congression, bipolar mitotic spindle control 
chromosome movements at the metaphase plate where they oscillate until anaphase 
initiation (Skibbens et al. 1993; Rieder and Salmon 1994). Bipolar mitotic spindle is 
formed when the kinetochores of chromosomes are connected to the spindle poles by 
microtubule bundles. Formation of bipolar mitotic spindle requires the cooperative 
interactions between centrosome dependent microtubule “search-and-capture” 
mechanism and chromatin dependent RanGTP-importin spindle assembly pathway 
(O'Connell and Khodjakov 2007; Walczak and Heald 2008). The detailed mechanisms on 
how sister kinetochores are connected with spindles poles remain unclear.  
 
In the “search-and-capture” model, dynamic astral microtubules derived from 
centrosomes grow and shrink rapidly to ultimately capture kinetochores during 
prometaphase. Repetitive kinetochore capture by astral microtubules stabilizes and 
increases number of microtubules extending from centrosomes to kinetochore, forming 
kinetochore microtubules (Kirschner and Mitchison 1986; Hayden et al. 1990; Rieder and 
Alexander 1990). Kinetochore bound microtubules are selectively stabilized to form 
kinetochore fibers (K-fibers) at the vicinity of chromosomes with lower turnover rate 




Microtubule-associated proteins (MAPs) cooperate with spindle microtubules in 
regulating chromosome congression by modulating microtubule end dynamics. The 
identification of HURP shed some lights on the regulation of chromosome alignment. 
HURP promotes bipolar mitotic spindle formation by enhancing microtubule 
polymerization and mitotic spindle stability by decreasing the tubulin turnover rate of 
mitotic spindle (Wong and Fang 2006). Loss of HURP results in delayed chromosome 
congression due to impaired K-fibers stability and reduced tension across sister 
kinetochores (Sillje et al. 2006; Wong and Fang 2006). The microtubule binding property 
of HURP lies in the first 280 amino acid of its N-terminal (HURP
280
). Ectopic expression 
of HURP
280 
results in defective localization pattern on the kinetochore microtubules 
which in turn causes abnormal spindle morphology, decreased inter-kinetochore distance 
and reduced tubulin subunit turnover at the mitotic spindle (Wong et al. 2008). Based on 
these phenotypes, we hypothesized that HURP involves in modulating chromosome 
congression. To fully address this hypothesis, we aim to elucidating the underlying 
molecular mechanisms on how HURP and its N-terminal microtubule binding domain 




CHAPTER 2 MATERIALS AND METHODS 
 
2.1 Cell culture and transfection 
 
2.1.1 Cell lines 
 
Human embryonic kidney epithelial cells (HEK 293T) and human cervical cancer cells 
(HeLa) were used in the current studies. HEK 293T cells were mainly used for Co-IP and 
protein stability study. HeLa cells were mainly used for analyzing cell cycle profile, 
studying protein localization and live cell imaging. 
 
2.1.2 Cell culture 
 
HeLa cells, HEK 293T cells and U2OS cells used in this study were maintained in 
Dulbecco’s modified Eagle medium (DMEM) (Hyclone), supplemented with 10% (v/v) 




Plasmid DNA was introduced into HEK 293T cells using calcium phosphate transfection. 
One day before transfection, cells were seeded in 10cm plates. Transfection cocktail 
includes 10 μg plasmid DNA, 500μl 2 × HBS and 50 μl 2.5M CaCl2 and top up to 1ml 
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with distilled water. After cells reach 50%-60% confluence, transfection cocktail was 
added directly into medium. For HeLa cells, Effectene (Qiagen) was used to transfect 
plasmid DNA. At 60%-70% confluence, cells in 12 well dishes were transfected with 6 μl 
Effectene reagent mixed with 0.3 μg plasmid DNA and 2.4 μl enhancer. 
 
Oligofectamine (Invitrogen) was used to transfect siRNA into HeLa cells. Cells 
were incubated in DMEM medium without antibiotics for 24 hours before transfection. 
48 hours after transfection, the knockdown efficiency of target protein was validated by 
immunofluorescence or Western blotting.  All siRNAs listed in Table 2.1 were 
synthesized by Invitrogen. 
 
Table 2.1 Sequence of siRNAs used in this study 
 
Target No. Sequence (from 5’-3’) 
HURP 1 UUUAAAGGAGUCCAGGUGUAACUGG 
 2 UUUACAAGAAAUACCCUUGUCGGGU 
Kif18A 1 CCAAUUCUUCGUAGUUUU 
 2 GCAGCUGGAUUUCAUAAA 





2.1.4 Synchronization and drug treatment 
 
To synchronize cells at the early S phase, HeLa cells at 30% confluency were seeded on 
12 well plates or 35 mm petri dishes and incubated with DMEM containing 2mM 
thymidine (Sigma-Aldrich) for 18 hours (first block). After first thymidine block, HeLa 
cells were washed with PBS twice and incubated with fresh DMEM for 9 hours to release 
cells. After 9 hours of release, HeLa cells were incubated with DMEM containing 2 mM 
thymidine for additional 17 hours (second block). 
 
To synchronize cells at the G2/M phase, HeLa cells after double-thymidine block 
were incubated with fresh DMEM to release the cells. After 4-8 hours of release, cells 
would progress synchronously through the G2/M phase (Figure 2.1). Alternatively, after 
3 hours of release form double-thymidine block, cells were incubated with DMEM 
containing 100 ng/ml microtubule depolymerizer nocodazole (Sigma-Aldrich) for 12 
hours to arrest cells at the G2/M phase. 
 
 




Cells were arrested in mitosis by blocking first in thymidine followed by release and then 
blocking in nocodazole. After release from the nocodazole block, most of the cells 
(>75%) divided synchronously within 2 hours of release from the arrest, entered the S 
phase by 10-12 hours after release, and completed the next synchronous mitosis by 18-20 
hours, ultimately completing two full cell cycles. This Figure was adapted from 
(Whitfield et al. 2002) 
 
To synchronize cells at metaphase, HeLa cells were firstly arrest by 100 ng/ml 
nocodazole for 16 hours and washed with PBS 3 times to release from nocodazole block. 
The floating mitotic cells were then seeded onto poly-D-Lysin coated glass bottom petri 
dishes or coverslips. To prevent cells from entering anaphase, 5 μM proteasome inhibitor 
MG132 were added into DMEM for 1-2 hours immediately after nocodazole block and 
release(Matsumura et al. 2011). 
 
To accumulate mitotic cells with monopolar spindle, HeLa cells were seeded on 
12 well plates or 35 mm petri dishes and incubated with DMEM + 100 μM Eg5 specific 






2.2 Plasmid construction 
 
2.2.1 cDNA cloning 
 
Total RNA of HEK 293T cells was extracted using Trizol reagent (Invitrogen) according 
to the manufacturer’s protocol. HEK 293T cells were seeded on a 10 cm cell culture dish. 
Before RNA extraction, cells were washed with PBS twice and subsequently 1 ml Trizol 
was added to the cell culture dish. The homogenized sample was incubated at room 
temperature for 5 min and 0.2 ml chloroform was added into the sample.  The tube was 
shaken vigorously for 15 seconds and incubated for 2-3 min at room temperature and 
then centrifuged at 12,000 g for 15 min at 4 °C. The RNA remained in the aqueous phase. 
To precipitate the RNA, aqueous phase was transferred to a fresh tube and mixed with 
0.5 ml isopropyl alcohol. The extracted RNA was used as a template to generate a cDNA 
library using reverse transcription. The reverse transcription system was incubated at 42 




Table 2.2 Reverse transcription reaction system adopted in this study 
 
Components Volume (μl) 
RNA template (1 μg/μl) 1 
dNTP (10 mM) 1 
DTT (0.1 M) 2 
Oligo-dT18 (100 μM) 1 
Reverse transcriptase (200 U/μl) * 0.25 
5 × first stand buffer 4 
Sterile distilled water 10.75 
Total volume 20 
 
*The reverse transcriptase used in this study was SuperScript II Reverse Transcriptase from 
Invitrogen 
 
The full length HURP, Kif18A, Kid and Hec1 were amplified by polymerase 
chain reaction (PCR) from the cDNA library using DyNAzyme
TM
 EXT DNA polymerase 
(Finnzymes) or Advantage 2 polymerase mix (Clontech).  The reaction system adopted 
was shown in Table 2.3. The PCR reaction temperature adopted was shown in Table 2.4. 
The sequence of primers used in this study was shown in Table 2.5. Eg5 cDNA was 
kindly provided by Dr. Wordeman, L. 
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Table 2.3 PCR reaction system adopted in this study 
 
Components Volume (μl) 
cDNA template (200 ng/μl) 1 
Forward primer (10 nM) 0.5 
Reverse primer (10 nM) 0.5 
dNTP (10 nM) 0.5 
10 × 514 buffer 2.5 
DyNAzyme
TM
 EXT 0.5 
Sterile distilled water 19.5 
Total volume 25 
 
 
Table 2.4 Cycling parameters of PCR for cDNA cloning 
 
Cycle Step Temperature (°C) Time 
1 Initialization 95 3 min 
24-28 
Denaturation 95 35 s 
Annealing 50-60* 40 s 
Extension 72 2-3 min** 
1 Final elongation 72 10 min 
1 Final hold 4 ∞ 
 
* Annealing temperature was determined by melting temperature (Tm) of selected primers. 





Table 2.5 Primers used for cloning full length cDNA of target protein or truncation 
mutant construction 
Target Primer’s Name Tm(°C)* Sequence (from 5’-3’) Direction 















































































2.2.2 Construction of protein expression vectors 
 
Each of the genes amplified form cDNA library was purified using QIAquick Gel 
Extraction Kit (Qiagen) after agarose gel electrophoresis and subjected to double 
restriction digestion. HURP was inserted into pXJ40 vector using HindIII and KpnI 
restriction sites, Kif18A and Kid were inserted into pXJ40 vector using BamHI and XhoI 
restriction sites. Restriction enzymes and buffers used in this study were purchased from 
Promega. The reaction system was incubated in 37 °C water bath for 2-6 hours. The 
components of restriction digestion reaction system were shown in Table 2.6. 
 
Table 2.6 Double restriction digestion system adopted in this study 
Components Volume (μl) 
Purified PCR products 10 
Restriction enzyme 1 0.5 
Restriction enzyme 1 0.5 
10 × buffer 2 
BSA 0.5 
Sterile distilled water 6.5 





The digested PCR products were purified using QIAquick PCR Purification Kit 
(Qiagen) and subsequently inserted into a pXJ40 vector with different tags, such as GFP, 
mcherry, PAGFP (Patterson and Lippincott-Schwartz 2002) FLAG and HA, respectively. 
The pXJ40 vector was kindly provided by Dr. B.C. Low (DBS, NUS). The sequence map 
of the pXJ40 vector was shown in Figure 2.2. 
 
A 
>>> CMV enhancer/ Promoter/ β-globin intron (non-coding)/ T7/ Epitope 
tag/ Multiple cloning sites/ Polyadenylation signal sequence >>> 
 
B 
/EcoR1/…………………………………………………HA Tag……………………………………………………/ BamHI 
T7-GAATTC ACC ATG TAC CCA TAC GAC GTG CCA GAC TAC GCA GGA TCC 
Kozac  M   Y   P   Y   D   V   P   D   Y   A    G   S 
/HindIII/XhoI/NotI/SmaI/PstI/SacI/KpnI/BglII 
AAG CTT CTC GAG GCG GCC GCC CCG GGC TGC AGG AGC TCG GTA CCA GAT CT 
KLLEAAAPGCRSSVPD 
 
Figure 2.2 Sequence map of the pXJ40 vector 
 
A. A schematic diagram of the map of pXJ40 vector. Transcription is driven by CMV 
enhancer/promoter followed by an epitope tag, multiple cloning sites and a SV40 
polyadenylationsignall sequence. 
B. Multiple cloning sites of the pXJ40 vector series constructed from parent plasmid (Xiao et al. 
1991). The HA tag can be substituted by other epitope tags. The SacI site is not unique to the 




The ligation reaction system was incubated at 4 °C overnight or room temperature 
for 2-3 hours. The components of the ligation system were shown in Table 2.7. The 
ligation products were then added into a final volume of 100 μl of DH5α or TOP19 
competent cells for transformation. The mixture of competent cells and ligation products 
was incubated on ice for 30 min and heated at 42 °C for 90 seconds and cooled 
immediately on ice for 3 min. After cooling, 1 ml fresh LB medium (Conda) was added 
to the mixture and incubated at 37 °C shaker for 1 hour. Subsequently, the mixture was 
spinned down and the supernatant was discarded. The pellet was resuspended and spread 
on LB plate supplemented with appropriate antibiotics. The LB plates were incubated at 
37 °C overnight and the grown colonies were picked for plasmid extraction. 
 
Table 2.7 Ligation reaction system used in this study 
 
Components Volume (μl) 
Digested PCR products 6 
Digested vector 0.5 
T4 ligase * 0.5 
10 × T4 ligase buffer * 1 
BSA 0.5 
Sterile distilled water 1.5 
Total volume 10 
 





2.2.3 Construction of HURP shRNA expression vectors 
 
The pSUPER vector adopted in this study was kindly provided by Dr. Huck-Hui Ng (GIS, 
Singapore). The target sequences for HURP were 5’-GCAATGAGAGAGAGAATTA-3’ 
and 5’-AGACTAAGATTGATAACGA-3’. The HURP shRNA double-standed oligos 
inserted in pSUPER vector were synthesized by 1
st
 Base. The sequences of the oligos 
were shown in Table 2.8. HURP targeting shRNA expression vectors were transfected 
into HeLa cell by Effectene (Qiagen). Stable shRNA expression cells were selected by 
puromycin. The HURP knockdown efficiency was tested by western blotting and 
immunostaining. 
 
Table 2.8 HURP target shRNA double-standed oligos inserted in pSUPER vector 
 
Oligo name Sequence (from 5’-3’) 






















2.2.4 Site-directed mutagenesis 
 
In vitro PCR site-directed mutagenesis was carried out usingQuikChange
TM
 Site-Directed 
Mutagenesis Kit (Stratagene). Mutagenic primers were designed by PrimerX (available 
online at: http://www.bioinformatics.org/primerx/). Primers were around 40 bp in length, 
and the melting temperature (Tm) was between 75 °C to 85 °C. The desired mutation was 
placed in the middle of the primer sequence. The mutagenic primers were ordered from 
1
st
 Base. The reaction system adopted was shown in Table 2.9. Subsequently, PCR 
products were mixed with 1 μl of the Dpn I restriction enzyme (10 U/μl) for each 50 μl 
reaction and immediately incubate each reaction at 37°C for 1 hour to digest the template 
plasmid (nonmutated). The Dpn I digested PCR products were transformed into DH5α or 
Top10 competent cells. The grown colonies were picked for plasmid extraction and the 
mutations were verified by DNA sequencing. 
 
Table 2.9 Site-directed mutagenesis PCR reaction system adopted in this study 
 
Components Volume (μl) 
Template plasmid (10 ng/μl) 2 
Forward primer (10 nM) 1 
Reverse primer (10 nM) 1 
dNTP (10 nM) 1 
10 × PfuTurbobuffer 5 
PfuTurbo DNA polymerase 1 
Sterile distilled water 39 




2.3 Western blotting and co-immunoprecipitation (Co-IP) 
 
2.3.1 Mammalian cell lyssis 
 
HEK 293T or HeLa monolayer cells were washed with PBS before harvest. PBS was 
then removed and the cell culture plates were put on ice. For 10 cm cell culture dish, 270 
μl M-PER (Thermo scientific) supplimented with phosphatase inhibitors including 0.7 
μg/ml pepstatin, 0.5 μg/ml leupeptin, 1 mM okadaic acid and 1 mM Na3VO4 was added 
to the cells. The cell lysates were collected by cell scrapter and were then subjected to 
three freeze-and-thaw cycles followed by centrifugation (13,000g, 25 min) to remove the 
sediment. The supernatants were boiled with 2 × SDS loading dye at 95 °C for 15 min. 
 
2.3.2 SDS-PAGE and gel electrophoresis 
 
Polyacrylamide gels were cast with 0.75 mm spacer (Bio-Rad). The separating gel 
contained 8%-12% acrylamide (Bio-Rad), 0.5% NN’- methylenebisacrylamide, 0.375 
mM Tris-HCL pH 8.8, 0.1% SDS, 0.0075% APS and 0.05% TEMED. The stacking gel 
contained 4% acrylamide, 0.5% NN’- methylenebisacrylamide, 0.125 mM Tris-HCL pH 
6.8, 0.1% SDS, 0.0075% APS and 0.05% TEMED. Gel electrophoresis was performed 
using the Mini-PROTEAN II Electrophoresis System (Bio-Rad) at room temperature in 





2.3.3 Western blotting 
 
The proteins separated on polyacrylamide gels after electrophoresis were transferred onto 
polyvinylidene difluoride membrane filters (PVDF) membrane (Pall Corporation) in 
transfer buffer (33.7 mM Tris, 256 mM glycine, 20% methanol and 0.01% SDS) at 100 
volt for 75 min at 4 °C using Mini Trans-blot electrophoretic Transfer Cell (Bio-Rad). 
The membranes were incubated in blocking buffer (5% low fat milk in TBST) for 1 hour. 
After blocking, the membranes were washed with TBST for 3 times and incubated 
primary antibodies diluted in TBST at room temperature for 1 hour or at 4 °C overnight. 
Following primary antibodies incubation, the membranes were washed with TBST for 3 
times and incubated with secondary antibodies diluted in TBST for 1 hour at room 
temperature. After 5 times washing with TBST, proteins on the membranes were detected 




For each Immunoprecipitation reaction, a total of 15 µl FLAG M2 beads (Sigma-Aldrich) 
were equilibrated in 1 ml mammalian cell lysis buffer (50 mM Hepes, 100 mM NaCl, 1.5 
mM MgCl2, 1 mM EDTA, 1% Triton X-100 and 10% glycerol). The equilibrated FLAG 
M2 beads were added into the cleared cell lysate harvested from a 10 cm cell culture dish 
and incubated for 3-5 hours at 4 °C. After incubation, the immunocomplexes were 
washed 3-4 times in mammalian cell lysis buffer and the bead-conjugated proteins were 
denatured by incubation with 2 × SDS loading buffer for 15 min at 95 °C. Protein 
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Rabbit polyclonal anti-HURP (ab70743 and ab70744), rabbit polyclonal anti-Kif18A 
(ab72417), rabbit monoclonal anti-Kif22 (ab75783), mouse monoclonal anti-Hec1 
(ab3613), mouse monoclonal anti-CENP-E (ab5093), rabbit polyclonal anti-Kif2A 
(ab37005), goat polyclonal anti-Kif4A (ab3815), rabbit polyclonal anti-Cdc20 (ab26483), 
mouse monoclonal anti-Cdh1 (ab3242), mouse monoclonal anti-Eg5 (ab51976), mouse 
monoclonal anti-BubR1 (ab4637), mouse monoclonal anti-CLIP-170 (mabcam61830), 
mouse monoclonal anti-CLASP1 (ab58105), rabbit polyclonal anti-pericentrin (ab4448) 
rabbit polyclonal anti-CENP-B (ab25734) antibodies were purchased from Abcam. 
Mouse monoclonal anti-TPX2 (sc-53775), mouse monoclonal anti-Importin β (sc-
137016), goat polyclonal anti-Eg5 (sc-31643), rabbit polyclonal anti-Mad2 (sc-28261), 
mouse monoclonal anti-HA (sc-7392), rabbit polyclonal anti-HA (Y-11) mouse 
monoclonal anti-GFP (sc-9996), rabbit polyclonal anti-GFP (sc-8334), antibodies were 
purchased from Santa Cruz Biotechnology. Mouse monoclonal anti-Flag (F1804), Mouse 
monoclonal anti-α-tubulin (T5168), rabbit polyclonal anti-γ-tubulin (T5192) antibodies 
were purchased from Sigma-Aldrich. Mouse monoclonal anti-EB1 (52890) antibodies 
were purchased from BD Biosciences.The secondary antibodies for western blotting were 
either horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG purchased 








For fixed cells samples preparation, HeLa cells were seeded onto ethanol-
sterilized glass coverslips in 12-well plates for 24 hours and transfected with various 
expression constructs. At 24 hours after transfection, the cells were washed with PBS and 
fixed with ice-cold methanol at -20 °C for 10 min or 3.7% paraformaldehyde in 0.4% 
picric acid (Sigma-Aldrich) at 4 °C for 20 min. After fixation, cells were rinsed briefly 
with PBS. Subsequently, cells were incubated with PBS containing 3% BSA for 45 min 
at room temperature and permeabilized with PBS containing 0.1% Triton X-100 for 30 
minutes at room temperature. After permeabilization, cells were washed twice with PBS 
and incubated with appropriate primary antibodies for 1 hour at room temperature. The 
secondary antibodies used were Alexa Fluor dye-conjugated goat anti-mouse or goat anti-
rabbit or donkey anti-goat IgG (Molecular Probe, Invitrogen). The excitation and 
emission wavelength were shown in Table 2.10. 
 
After fluorescence labeling, cells were washed twice with PBS and the DNA was 
stained using Hoechst 33342 (Invitrogen) for 15 min at room temperature. the coverslips 
were mounted onto glass slides using FluorSave
TM
 reagent (Calbiochem) and preserved 




Table 2.10 The excitation and emission wavelengths of the dye-conjugated 
secondary antibodies used in this study 
 
Probe Excitation (nm) Emission (nm) 
Alexa Fluor 488 499 519 
Alexa Fluor 568 579 603 
Alexa Fluor 633 632 648 
Alexa Fluor 647 652 668 
 
 
2.4.2 Image acquisition 
 
The fluorescent signals of live or fixed cells were detected using confocal fluorescence 
microscopy. Images were collected using Zeiss LSM510 Meta laser confocal microscope 
equipped with a Zeiss Plan-Apochromat 63x/1.40 oil (with DIC sliders) lens, a Zeiss EC 
Plan-Neofluar 100x/1.3 oil (with DIC sliders) lens, a Argon multi-line gas laser (458, 
477, 488, 514n m, 30 mW), a HeNe gas laser (633 nm, 5.0 mW) and a Diode laser (405 
nm, 30.0 mW) (Carl Zeiss). The detectors of Zeiss LSM510 Meta includes two 
Photomultiplier tubes (PMT), one META detector and one PMT for DIC. 
 
Alternatively, Images were collected using a Ultraview Vox spinning disc confocal 
system (PerkinElmer) consists of a Yokogawa CSU-X1 spinning disk head (scanning 
speed 1,500 - 5,000 rpm), an Olympus IX 81 inverted microscope equipped with an 
Olympus UPLSAPO 60x/1.20 Water lens and an Olympus UPlan SApo 100x/1.4 oil lens, 
a ProSync control box and a PhotoKinesis unit.  The laser module includes a solid state 
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diode laser with Diode module (405 nm, 50 mW; 445nm, 40m W; 640 nm, 40 mW) and a 
solid state diode laser with DPSS module (488 nm, 50 mW; 514 nm, 25 mW; 561 nm, 50 
mW). The detectors consist of a Hamamatsu EM CCD camera C9100-50 and a 
Hamamatsu EM CCD camera C9100-13. For live or fixed cell samples, a stack of images 
was collected along the Z-axis (Z-stack) and merged using a maximum intensity 
projection. 
 
2.4.3 Live cell imaging 
 
For time lapse imaging, HeLa cells were seeded onto 35mm glass bottom petri dishes 
(Greiner Bio-one) and cultured in DMEM medium supplemented with 10% FBS. Regular 
DMEM medium was substituted with DMEM medium without phenol red supplemented 
with 10% FBS (Invitrogen) before image acquisition. Live imaging was conducted at 37 
°C, 5% CO2 using the Ultraview Vox spinning disc confocal system (PerkinElmer) 
equipped with a VoX environmental chamber, with CO2, temperature and humidity 
control. All parameters used for time lapse image acquisition were controlled by Volocity 
software (PerkinElmer, version 5.5). The Olympus UPlan SApo 100x/1.4 oil lens was 
used for all mitotic cells time-lapse imaging. Kinetochores, chromosomes and 
microtubules were labeled by transient transfection of GFP-Hec1 or GFP-CENP-A, 






2.4.4 Fluorescent loss in photobleaching (FLIP) and Fluorescent recovery after 
photobleaching (FRAP) 
 
For FLIP experiment, U2OS cells stably expressing GFP-α-tubulin synchronized at 
metaphase stage were placed in a 37 °C humid chamber supplied with 5 % CO2 and 
imaged using Ultraview Vox spinning disc confocal system (PerkinElmer) equipped with 
a Olympus UPlan SApo 100x/1.4 oil lens. Photobleaching laser (405 nm, 50 mW) were 
produced by solid state diode laser with diode module. Two photobleaching laser spots 
(3×3 µm) were placed away from mitotic spindle. Images were aquired in a 3.7 second 
interval. At least 10 mitotic cells for each transfection were analyzed by measuring the 
GFP fluorescence signal intensity decay of metaphase spindle using velocity software. 
Fluorescence intensities were background corrected and normalized to 100% at first time 
point by Volocity. Turnover half-lives (T1/2) for GFP-α-tubulin on each spindle were 
calculated by linear regression. To avoid photobleaching effect induced by the laser used 
for image aquisition, it is recommended to use high sensitivity camera (Hamamatsu EM 
CCD camera C9100-13). 
 
For FRAP experiment, HeLa cells expressing GFP-Kif18A synchronized at 
metaphase stage were placed in a 37 °C humid chamber supplied with 5 % CO2 and 
imaged using Ultraview Vox spinning disc confocal system (PerkinElmer) equipped with 
a Olympus UPlan SApo 100x/1.4 oil lens. Photobleaching laser (405 nm, 50 mW) were 
produced by solid state diode laser with diode module. A 3.5 × 3.5 μm photobleaching 
spot was placed on the middle of the mitotic spindle. At least 10 mitotic cells for each 
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transfection were analyzed by measuring the intensities of GFP-Kif18A in the 
photobleached area. Fluorescence intensities were photobleaching corrected and 
background corrected.  Turnover half-lives (T1/2) for GFP-Kif18A were calculated by 
fitting normalized recovery curve into a constrained exponential formula:      
          (Sprague and McNally 2005). To avoid photobleaching effect induced by 
the laser used for image aquisition, it is recommended to use high sensitivity camera 




For photoactivation of PAGFP-Kif18A, the cell cycle stage was identified directly by 
Hoechst 33342 labeling in which Hoechst 33342 (2.5ng/ml, 10 min) was added directly 
into DMEM medium to stain DNA prior to photoactivation. Only late prometaphase to 
metaphase bipolar spindles were selected for photoactivation. A 405nm diode module 
laser (25%, 50mW) on Ultraview Vox spinning disc confocal system (PerkinElmer) was 
used to activate the PAGFP signal in the targeted region. Fluorescence images were 
acquired with an Olympus UPlan SApo 100x/1.4 oil lens and processed with Volocity 
software (PerkinElmer). To avoid photobleaching effect induced by the laser used for 
image acquisition, it is recommended to use high sensitivity camera (Hamamatsu EM 
CCD camera C9100-13). 
 




For the BiFC assay, a set of BiFC plasmids containing two split Venus-C and Venus-N 
fragments were kindly provided by Dr. Wang H. (Xiamen University, China). To perform 
the BiFC assay, HURP was fused with Myc and Venus-C, and Kif18Awas fused with 
Myc and Venus-N respectively and then co-transfected into HeLa cells. Fluorescent 
signal of Venus was detected by 488 nm channel (green). DNA was stained with Hoechst 
33342. The expression of both vectors was detected by anti-Myc antibody. Two empty 
vectors were used for negative control. 
 
2.4.7 Image processing 
 
Images acquired by Zeiss LSM510 Meta laser confocal microscope were processed using 
LSM Image browser.  Images acquired by Ultraview Vox spinning disc confocal system 
were processed using Volocity 5.5 or Volocity demo. Alternatively, images were 
exported as .tif format and processed using Image pro plus. The adjustments include 
cropping, assign channel color, brightness, contrast, display range, color bit and 
maximum intensity projection. The measurements including point to point distance, 
signal intensity in selected area and line-scan profile. 
 
 
2.4.8 Quantitation of GFP-HURP
278
 overexpression level in mitotic cells 
 
HeLa cells were seeded onto ethanol-sterilized glass coverslips in 12-well plates. 





overexpressing cells at G2/M phase. After synchronization, cells were washed twice with 
PBS and incubated with fresh DMEM medium supplemented with 10% FBS at 37 °C for 
1-2 hour to allow the formation of mitotic spindle. Cells were then fixed by cold 
methanol at -20 °C for 10 min. The microtubules were detected by anti-α-tubulin 
antibody and the DNA was detected by Hoechst 33342. The cell cycle stage was 
determined by DNA staining and microtubule organization. Only late-prometaphase to 
metaphase cells were selected. The average GFP signal intensity was calculated based on 
the area of the mitotic cells determined by DIC channel. 
 
2.4.9 Quantitation of kinetochore oscillation 
 
HeLa cells co-transfected wtih GFP-Hec1 and mcherry-H2B or GFP-Hec1 andmcherry-
HURP
278 
were synchronized using thymidine-nocodazole block and release. Late-
prometaphase to metaphase cells with proper aligned chromosomes were selected for 
image acquisition. Images were acquired in 4second interval using an Ultraview Vox 
spinning disc confocal system (PerkinElmer) equipped with a CSU-X1 spinning disk 
head (Yokogawa). For each time point, 8 z-stack images were recorded. Quantitative 
analysis was applied to the raw data obtained from the Ultraview Vox Live Imaging 
system to track the oscillation details of kinetochores.  To avoid photobleaching effect 
induced by the laser used for image aquisition, it is recommended to use high sensitivity 
camera (Hamamatsu EM CCD camera C9100-13). Critical parameters from the raw data 
include relative time point (  ), and kinetochore relative position (  ,  ). Each position 
point was uniquely linked to each time point. For every live imaging video, more than 80 
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time sample points was captured, and every single sample point was identically and 
independently distributed. The correlation is defined as             
 
   , where n>80, or 
  ~ (     );  ~ (     )...            ...            . The movement of bi-orientated 
sister kinetochores in prometaphase and metaphase cells were ultimately driven by the 
plus-end polymerization or depolymerization of K-MTs. Therefore, to understand the 
oscillation of kinetochores, it is critical to understand the length change of kinetochore 
microtubules, i.e. the distance between a kinetochore and the corresponding spindle pole. 
To simplify the analysis, the coordinate position of the closest spindle pole was adjusted 
to the origin point. The length of K-MTs was defined as λ µm.    was the distance 
between spindle pole and the position of kinetochore at time point   . Thus    would be 
the distance between the spindle pole and the position of kinetochore at time point   . 
Based on Pythagoras therefore, 
            
          




            
          




              
            




After obtaining the length of K-MTs for all the sample points, the oscillation trend 
can be easily presented, as shown in Figure 3.6 B, where the X-axis represents the 
relative time points, and the Y-axis represents the relative distance. Relative distance 
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means the difference of the kinetochore microtubules length at two different time points, 
i.e.        . 
 
The oscillation of kinetochore amplitude (Figure 3.6 C) was captured based on the 
normalized kinetochore track chart.  We applied sample statistics to better understand the 
sample mean and sample variance. Sample mean was denoted as 
  , where   
 
 
   
 
    
Sample variance was denoted as 
  , where   
 
   
        
 
      
Sample standard deviation was marked as S, where      . 






Suppose we do not know either the variance or the mean in our parts population. For 
instance, for the kinetochore amplitude track, we took a sample of size n (n = 88) and 
calculated the best estimate of the population mean and variance or standard deviation as 
follows, 
  = 
 
 
   
 
            
  = 
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If we had to pick a range where sample mean would be 95% of time, an appropriate 
sampling distribution was needed. In our case, we used a t-distribution rather than a 
normal distribution, i.e. 
     
 
     
 
  
        
 





Where α is related to confidence level (1- α)*100%, and µ is the estimated sample 
mean with confidence level (1- α)*100%. Here we assume confidence level 95%, based 
on t-distribution table      
 
     
=1.987.  So we are 95% confident to say that the mean of 
kinetochore amplitude would fall between      
 
     
 
  
        
 




    1.43 µm, 1.71 µm].  If we want to choose a confidence level of 99%, the t value, 
     
 
     
=2.632.  So we are 99% confident to say that the range of mean would be 
                , namely,     1.37 µm, 1.77 µm]. Therefore, the higher the 





2.5 Flow cytometry 
 
At 24 hours after transfection, HeLa cells were harvested by trypsinization and washed 
twice with PBS. Harvested cells were then fixed with pre-cold 70% ethanol and stored at 
-20 °C overnight. Ethanol fixed cells were subjected to centrifugation (200 g, 10 min), 
supernatant was discarded and cell pellet was resuspended by gentle pipeting and washed 
twice with PBS and incubated with RNase (20 mg/ml) for 30 min at 37 °C. Subsequently, 
DNA was stained with propidium iodide (25 μg/ml, Sigma-Aldrich) for 30 min at 37 °C. 
After labeling, the cell cycle profiles were then analyzed by Dako flow cytometry (Dako) 
and the results were analyzed with summit 4.3. In each experiment, at least 3000 events 
were recorded.  
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CHAPTER 3 RESULTS 
 
3.1 Charaterization of HURP domain function 
 
3.1.1 Mitotic localization of HURP truncation mutants 
 
Protein sequence alignment shows that HURP contains a N-terminal coiled-coil domain 
and a evolutionally conserved guanylate kinase-associated protein (GKAP) domain (Tsou 
et al. 2003). In addition, HURP also contains NLS, NES, D-box and KEN box (Tsou et al. 
2003).In a protein with multiple domains, each domain may function independently. 
Therefore, to understand the domain function of HURP, we constructed three truncation 






(Figure 3.1A). The strategy 
of truncation was based on the localization of predicted functional domains and potential 







into HeLa cells 
(Figure 3.1B). The results here show that GFP-HURP
278
 associates with both 
microtubules and DNA, GFP-HURP
173-600
 mainly associates with DNA and weakly binds 
to microtubules whileGFP-HURP
393-846
 does not associate with both DNA and 
microtubules (Figure 3.1B). These results indicate that the microtubule binding domain 
of HURP locates on its N-terminal 1-278 animo acid (aa). In addition, the localization 




is able to 

















 and HURP C-terminal fragment HURP
393-846
. 













 was transfected in to HeLa cells. HeLa cells were 
synchronized using thymidine-nocodazole block and release. Mitotic spindles were 
labeled with anti-α-tubulin antibody (red), DNA was labeled with Hoechst 33342. Scale 
bar, 1 µm.  












































Previous studies showed that overexpressed HURP has similar localization pattern 
compared to endogenous HURP (Sillje et al. 2006; Wong and Fang 2006). Compared 
with GFP-HURP, overexpression of GFP-HURP
278 
dramatically increases the length of 
mitotic spindle and led to chromosome congression defects featured as the existance of 
lagging chromsomes in some mitotic cells (Figure 3.2A). In addition, GFP-HURP
278
 
abolishes the K-fiber localization of HURP and associated with entire mitotic spindle 
(Figure 3.2A). To quantify these phenotypes, we measured the length of mitotic spindle 
in wild type (WT) HeLa cells (Control), GFP-HURP-overexpressing HeLa cells and 
GFP-HURP
278
-overexpressing HeLa cells (Figure 3.2B). Compared with control cells, 
overexpression of GFP-HURP slightly increases the spindle length from 7.57 μm to 7.63 
μm, whereas overexpression of GFP-HURP278 almost doubled the length of mitotic 
spindle (14.45 μm) (Figure 3.2B). 
 
The change in the length of mitotic spindle is usually conferred by the influence 
on microtubule dynamics (Gaetz and Kapoor 2004; Goshima et al. 2005; Zou et al. 2008; 
Dumont and Mitchison 2009; Goshima and Scholey 2010). The dynamics of kinetochore 
microtubules directly power the movement of chromosomes (Gorbsky et al. 1988; Zhai et 
al. 1995; Wordeman et al. 2007). To exam whether the force generation of the elongated 
mitotic spindles in HURP
278
-overexpressing cells is altered, we measured the 
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interkinetochore distance in both metaphase WT HeLa cells (Control) and HURP
278
-
overexpressing cells. The results show that the overexpression of HURP
278
 considerably 
decreased the interkinetochore distance compared to control cells (1.22 μm versus 
1.81μm), indicating that the force generation from kinetochore microtubule is affected. 
 
We next quantified the lagging chromosomes presented in wild type (WT) HeLa 
cells (Control), GFP-HURP overexpressing HeLa cells and GFP-HURP
278
-
overexpressing HeLa cells (Figure 3.2C). The results here show that the percentage of 
lagging chromosomes containing mitotic cells in a GFP-HURP-overexpressing 
background yielded a slightly larger number compared to control cells (8.3% versus 3.3%) 
(Figure 3.2C). While overexpression of HURP
278
 significantly increased the percentage 
of lagging chromosomes containing mitotic cells compared to control cells (55.8% versus 
3.3%) (Figure 3.2C).  To test whether the presence of lagging chromosome is a result of 
insufficient time for chromosome congression, we used MG132 to arrest cells at 
metaphase and therefore allow mitotic cells to have more time to align their 
chromosomes to metaphase plate. The result shows that 1 hour treatment of MG132 
slightly reduced the percentage of lagging chromosomes containing HURP
278
-
overexpressing cells from 55.8% to 51.3% (Figure 3.2C). This result indicates that either 
the HURP
278
-overexpressing cells require more time for chromosome congression, or the 
majority of lagging chromosomes in HUPR
278












(A) Fluorescent images of mitotic HeLa cells transfected with GFP-HURP and GFP-
HURP
278
. Mitotic spindles were labeled with anti-α-tubulin antibody (red), DNA was 
labeled with Hoechst 33342. Scale bar, 5 µm. 
(B) Bar chart representing the average mitotic spindle length measured in FLAG-HURP-, 
FLAG-HURP
278
-overexpressing HeLa cells and WT HeLa cells (Control). Data was 
collected from 2 independent experiments. “n” indicates the number of spindles measured. 
Error bars represent +SD.  
(C) Bar chart representing the average interkinetochore distance measured in WT HeLa 
cells (Control) and mcherry-HURP
278
-overexpressing cells. Data was collected from 3 
independent experiments. “n” indicates the number of cells quantified.Error bars 
represent +SEM.  
(D) Bar chart representing the percentage of lateprometaphase to metaphase cells with 
lagging chromosomes in HeLa cells overexpressing FLAG-HURP, Flag-HURP
278
 and 
FLAG-vector only (Control). Data was collected from 2 independent experiments. “n” 






To prevent cell from entering anaphase with unaligned chromosomes, the spindle 
checkpoint proteins BubR1 and Mad2 will be recruited to the kinetochores of unaligned 
chromosomes and block chromosome segregation by triggering a series of spindle 
checkpoint points (Skoufias et al. 2001). Therefore, the presence of lagging chromosomes 
usually indicates the increase of mitotic index. To verify this, we use flow cytometry to 
investigate the cell cycle profile of GFP-HURP- or GFP-HURP truncation fragments-
overexpressing cells (Figure 3.3A) and quantified the mitotic index (Figure 3.3B). As 
expected, overexpression of GFP-HURP
278
 significantly increased the mitotic index 
compared to control cells or cells overexpressed with GFP-vector (62.3% versus 23.3% 
or 26.9%) (Figure 3.3B). Overexpression of GFP-HURP also increased the mitotic index 





-overexpressing cells was markedly smaller than GFP-
HURP
278
-overexpressing cells, indicating that the N-terminal microtubule binding motif 
of HURP is important for regulating mitotic progression, however, the detailed 




Figure 3.3 Cell cycle profile of HURP- or HURP fragments-overexpressing cells 
 
(A) Representative cell cycle profile of WT HeLa cells (Control), HeLa cells transfected 







were generated by flow cytometry. 
(B) Bar chart representing the average G2/M index in cells overexpressing the plasmids 
shown in (A), the Y-axis represents the percentage of G2/M cells. Data were collected 
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from 3 independent experiments. Error bars represent +SD. 
 
To gain more insight into how overexpression of HURP
278
 affects mitotic 
progression, we used nocodazole to synchronize HeLa cells at G2/M phase and washed 
with PBS for three times to release cells from nocodazole arrest. Cell samples from 
different time points (0-180 min) after nocodazole block and release were collected for 
flow cytometry analysis. The results show that in control cells, nocodazole arrested G2/M 
phase cells passed the mitosis and entered the G1 phase within 75 min of nocodazole 
block and release (Figure 3.4A). Whereas the overexpression of HURP
278
 delayed this 
process and the G1 peak of HURP
278
-overexpressing cells were only became noticeable 
after 105 min of nocodazole block and release (Figure 3.4A). The quantification data 
show that after 180 min of nocodazole block and release, 24.81% control cells entered the 
G1 phase, while only 8.39% HURP
278
-overexpressing cells entered the G1 phase in the 
same period of time (Figure 3.4B). These data suggest that compared to control cells, 
overexpression of HURP
278
results in a delayed mitotic progression, probably due to the 





Figure 3.4 Overexpression of HURP
278





(A) Cell cycle profile of WT HeLa transfected with GFP vector only (Control) and cells 
overexpressing GFP-HURP
278
 after nocodazole block (16 hours) and release were 
generated by flow cytometry. 
(B) Line chart representing the percentage of G1 cells in WT HeLa cells transfected with 
GFP vector only (Control) and cells overexpressing GFP-HURP
278
 after nocodazole 
block (16 hours) and release, the X-axis represents the time (min) after release from 
nocodazole arrest.   
 
3.1.3 Overexpression of HURP
278
 increases kinetochore oscillation amplitude 
 
Functional domain studies reveal that overexpression of the N-terminus of HURP (1-278 
aa, HURP
278
) leads to a series of mitotic defects including misaligned chromosomes 
(Figure 3.2). To better understand the mechanism by which HURP
278
 overexpression 
induced these mitotic defects, we employed live cell imaging to visualize chromosome 
movements in HURP
278
-overexpressing cells. We observed that prometaphase HeLa cell 
overexpressing HURP
278
 required 104 min to enter anaphase, while this process took less 
than 20 min in control cells, suggesting that HURP
278
 overexpression resulted in a mitotic 
delay (Figure 3.5A). This observation was supported by flow cytometry analysis in which 
24.81% of control cells overexpressing a GFP vector entered G1 phase, whereas only 
8.39% of HeLa cells overexpressing GFP-HURP
278
 entered G1 phase 3 hours after 
release from nocodazole arrest (Figure 3.4B). Furthermore, cell cycle profile from flow 
cytometry analysis revealed that HURP
278
-overexpressing cells exhibitsan increased 
G2/M index compared to the GFP vector (control) or full-length HURP-overexpressing 




Interestingly, from our live cell imaging observation, aligned chromosomes in 
HURP
278
-overexpressing cells were found to occasionally oscillate away from the spindle 
equator during the prometaphase/metaphase stage (Figure 3.1A, HURP
278
, 0:08-0:24 min, 
arrowheads). In addition, transient lagging chromosomes were also observed after the 
onset of anaphase (Figure 3.1A, HURP
278
, 1:52-2:20 min, arrowheads). This 
phenomenon could be a result of defective chromosome movement in HURP
278
-
















(A) Representative time-lapse images of a control cell and a GFP-HURP
278
-
overexpressing mitotic HeLa cell. DNA was labeled with mcherry-H2B. Lagging 







3.2 Identify Kif18A as a novel interacting partner of HURP 
 
3.2.1 Overexpression of HURP
278
 increases kinetochore oscillation amplitude 
 
Chromosome movement during mitosis is powered by the synergistic regulation of motor 
proteins and kinetochore microtubule dynamics (Wood et al. 1997; Antonio et al. 2000; 
Wordeman et al. 2007; Stumpff et al. 2008; Cai et al. 2009). Under these regulatory 
controls, chromosomes keep moving back and forth even after they are eventually 
aligned to spindle equator, a behavior known as chromosome oscillation (Skibbens et al. 
1993; Inoue and Salmon 1995). We next assessed whether the transiently misaligned 
chromosomes observed in HURP
278
-overexpressing cells during the 
prometaphase/metaphase stage were a result of defective chromosome oscillation. To test 
this possibility, we traced kinetochore movements in the late prometaphase to metaphase 
cells as it directly reflects chromosome movements in the mitotic cells (Rieder et al. 
1986). Furthermore, the kinetochore oscillation amplitude (KOA) was quantified in cells 
expressing a kinetochore marker, GFP-Hec1. Interestingly, the KOA in HURP
278
-
overexpressing cells is significantly larger compared to control cells (Figures 6A and 6B; 
Movies S1 and S2). Specifically, the average KOA is approximately 0.63 ± 0.003 µm in 
control cells (Figure 3.6C, left); whereas in HURP
278
-overexpressing cells, the average 





Figure 3.6 Overexpression of HURP
278
 increases kinetochore oscillation amplitude 
 
(A) Representative horizontal kymographs of GFP-Hec1 fluorescence from WT HeLa 
cells (Control) and HURP
278
-overexpressing HeLa cells.  
(B) Distance versus time plots of the normalized kinetochore oscillation track. Horizontal 
red line indicates the mean oscillation position.  
(C) Histograms displaying the oscillation amplitudes quantified from WT HeLa cells 
(Control, 10 cells from 4 independent experiments) and HURP
278
-overexpressing HeLa 
cells (14 cells from 5 independent experiments). The mean oscillation amplitude ±SEM is 
shown for each distribution and the mean value is labeled with a vertical dashed line.  
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(D) Bar chart representing the average rate of kinetochore oscillation directional switch in 
WT HeLa cells (Control) and mcherry-HURP
278
-overexpressing cells. *, p=3.56×10
−4 
(one-tailed t test). Error bars represent +SEM. 
(E) Bar chart representing the average movement velocity of kinetochores in WT HeLa 
cells (Control) and mcherry-HURP
278
-overexpressing cells. *, p=1.67×10
−3 
(one-tailed t 
test). Error bars represent +SEM. 
 
To further delineate the role of HURP in regulating chromosome oscillation, the 
switching rate of kinetochore oscillation direction and the velocity of kinetochore 
movement were quantified as described previously (Stumpff et al. 2008). On average, the 
switching rate of kinetochore oscillation direction in control cells and in HURP
278
-
transfected cells is 1.71 ± 0.029 times/min and 1.16 ± 0.029 times/min, respectively 
(Figure 3.6D). Furthermore, the average velocity of kinetochore movements is 
significantly increased in HURP
278
-transfected cells (2.78 μm/min) compared to control 
cells (1.93 μm/min) (Figure 3.6E). These data suggest that the increased KOA observed 
in HURP
278
-overexpressing cells stems from the combined effects of the decreased 
switching rate of kinetochore oscillation direction and an increased kinetochore 
movement velocity. Taken together, our results indicate that the presence of transiently 
misaligned chromosomes in HURP
278
-overexpressing cells could be a result of defective 





3.2.2 HURP modulates the kinetochore microtubule plus-end localization of Kif18A 
 
The chromosome oscillation and mitotic defects observed in HURP
278
-overexpressing 
cells (Figure 3.6; Figures 2) highly resemble the phenotypes identified previously in 
Kif18A-depleted cells (Mayr et al. 2007; Stumpff et al. 2008). Kif18A is a processive 
microtubule plus-end directed motor that controls chromosome oscillation and 
congression by modulating the plus-end dynamics of kinetochore microtubules via its 
microtubule depolymerase activity (Gupta et al. 2006; Varga et al. 2006; Mayr et al. 
2007; Gardner et al. 2008; Stumpff et al. 2008). It is therefore of interest to study the 
potential relationship between HURP and Kif18A to understand their roles in regulating 
chromosome oscillation during chromosome congression.  
 
Similar to HURP, Kif18A localizes to the plus-end of kinetochore microtubules in a 
comet-like gradient pattern (Figure 3.2A, top) (Sillje et al. 2006; Wong and Fang 2006; 
Mayr et al. 2007; Stumpff et al. 2008). We first asked whether the kinetochore 
microtubule localization of Kif18A is regulated by HURP. To test this, endogenous 
HURP was depleted by a specific HURP-siRNA and the knockdown efficiency was 
examined by immunostaining using an anti-HURP antibody. To monitor the phenotypes, 
the kinetochores were labeled with an anti-Hec1 antibody (Figure 3.7A). In control-
siRNA cells, GFP-Kif18A localization gradient is overlapped with endogenous HURP 
(Figure 3.7A, top). The linescan profile shows that the signal intensity of GFP-Kif18A 
gradient on the plus-end of kinetochore microtubulesis in parallel with the gradient of 
HURP (Figure 3.2B, top). In contrast, in cells depleted of HURP, the gradient 
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localization pattern of GFP-Kif18A on the kinetochore microtubulesis markedly 
abolished (Figures 7A and 7B, bottom). Instead, GFP-Kif18A displays a dot-like 









(A) Mitotic spindle localization of GFP-Kif18A in WT HeLa cells (Control) and HURP-
siRNA cells. Cells were stained with anti-HURP antibody (red) and anti-Hec1 antibody 
(orange). DNA was stained with Hoechst 33342. The detailed GFP-Kif18A localization at 
the plus-end tip of kinetochore microtubule is enlarged in the upper right box. Scale bar, 
5 µm.  
(B) Graphs representing the relative fluorescence intensity along a 1-pixel-wide linescan 
indicated by a white dashed line in (A). The black vertical dashed line indicates the 
hypothetical kinetochore-microtubule boundary. 
(C) Mitotic spindle localization of EB1 in WT HeLa cells (Control) and HURP-shRNA 
cells. Cells were stained with anti-EB1 antibody (green), anti-HURP antibody (orange) 
and anti-Crest antibody (Red). The detailed EB1 localization at the plus-end tip of 
kinetochore microtubule is enlarged in the upper right box. Scale bar, 5 µm.  
(D) Graphs representing the relative fluorescence intensity along a 1-pixel-wide linescan 
indicated by a white dashed line in (A).  
(E) Mitotic spindle localization of CLIP170 in WT HeLa cells (Control) and HURP-
shRNA cells. Cells were stained with anti-CLIP170 antibody (green), anti-HURP 
antibody (orange) and anti-Crest antibody (Red). The detailed CLIP170 localization at 
the plus-end tip of kinetochore microtubule is enlarged in the upper right box. Scale bar, 
5 µm.  
(F) Graphs representing the relative fluorescence intensity along a 1-pixel-wide linescan 
indicated by a white dashed line in (C).  
 
 
On the other hand, we also tested the effect of HURP on other microtubule plus-
end tracking proteins such as EB1 and CLIP170. The results shows that knocking down 
of HURP did not affect the localization of either EB1 or CLIP170 (Figures 8A-D), 
indicating the specificity of the interaction between HURP and Kif18A on the plus-end of 





also affects the localization of Kif18A. The result shows that overexpression of HURP
278
 
strikingly disrupted the microtubule plus-end accumulation of Kif18A at the kinetochore 
microtubules compared to control cell (Figure 3.8A). Kif18A was found to be distributed 
throughout the entire kinetochore microtubules instead (Figure 3.8A). Taken together, 
these results suggest that the localization pattern of Kif18A on kinetochore microtubules 
is highly dependent on HURP.  
 
Figure 3.8 Overexpression of HURP
278
 disrupts the spindle localization of Kif18A 
 
Kinetochore microtubule localization of GFP-Kif18A in WT HeLa cells (Control) and 
mcherry-HURP
278





3.2.3 HURP directly binds to Kif18A 
 
We next examined whether Kif18A can associate with HURP by co-immunoprecipitation 
(Co-IP) assays. As shown in Figure 3.9A, both FLAG-HURP and FLAG-HURP
278
, but 
not FLAG-vector control, can pull-down endogenous Kif18A.  Furthermore, to confirm 
the direct interaction between HURP and Kif18A in vivo, we utilized the bimolecular 
fluorescence complementation (BiFC) assay which examines the direct protein-protein 
interaction in vivo by monitoring fluorescent signal emitted by reconstitution of an 
improved fluorescence from two split protein “Venus” fragments (Kerppola 2006; Shyu 
et al. 2008). Visualization of “Venus” signal in the BiFC assay indicates a direct 
interaction between the two proteins in vivo (Remy et al. 2004; Anderie et al. 2007). To 
this end, HURP and Kif18A were fused with the non-fluorescent Venus-C and -N 
fragments respectively (Figure 3.9B) and co-transfected into HeLa cells.  Notably, the 
signal intensity of “Venus” reached the highest level at the plus-end of kinetochore 
microtubules (Figure 3.9C), indicating that HURP interacts directly with Kif18A at the 





Figure 3.9 HURP directly binds to Kif18A 
 
(A) Whole cell lysates of 293T cells transfected with FLAG vector, FLAG-HURP and 
FLAG-HURP
278 
were collected for Co-IP using FLAG M2 beads. Immunoprecipitated 
proteins were blotted for Kif18A. The overexpression level of FLAG-HURP and FLAG-
HURP
278
 were detected using an anti-FLAG antibody. 
(B) Schematic diagram representing Venus fragment fused with HURP and Kif18A used 
in BiFC assay. 
(C)BiFC assay using split Venus. HURP was fused with Myc and Venus-C, Kif18A was 
fused with Myc and Venus-N as shown in Figure 3.S2F. HeLa cells co-transfected with 
Venus-N and Venus-C vector only (Control) and Venus-N or Venus C fused HURP and 
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Kif18A were stained with anti-Myc antibody (red). Fluorescent signal of venus was 
detected by 488 channel (green). DNA was stained with Hoechst 33342.  Scale bar, 5 µm. 
 
3.2.4 Identify 173-360 aa of HURP as Kif18A binding domain 
 
To identify the Kif18A binding motif on HURP, we firstly performed Co-IP assays using 
truncation fragments of HURP (Figure 3.10A). As shown in Figure 3.10B, both the N-
terminal (Flag-HURP
278
) and the middle (Flag-HURP
173-600
) fragments, but not the C-
terminal fragment of HURP (HURP
393-846
), can interact with Kif18A. To further pinpoint 





) (Figure 3.10A) and then performed Co-IP assays. As shown in Figure 
3.10C, FLAG-HURP
∆173-278
 can bind to Kif18A, similar to FLAG-HURP positive 
control.  However, deletion of aa 173-360 in HURP (HURP
∆173-360
; Figure 3.10A) 
markedly abolished the interaction between Kif18A and HURP (Figure 3.10C), 
suggesting that this motif is responsible for the interaction between HURP and Kif18A.  
Taken together, these results suggest that HURP interacts with Kif18A and aa 173-360 of 
HURP is a specific Kif18A binding domain. The interaction between HURP and Kif18A 





Figure 3.10 Identification of Kif18A binding motif. 
 
(A) Schematic diagram representing HURP, three HURP truncation mutants and two 
HURP deletion mutants used in Co-IP assay between HURP and Kif18A. 







were collected for Co-IP 
using FLAG M2 beads. Immunoprecipitated proteins were blotted for HA. The 
overexpression level of HA-Kif18Awere detected using an anti-HA antibody. The 
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were detected using an anti-FLAG antibody.  





were collected for Co-IP 
using FLAG M2 beads. Immunoprecipitated proteins were blotted for HA. The 
overexpression level of HA-Kif18Awere detected using an anti-HA antibody. The 










3.3 HURP modulates Kif18A dynamics on microtubules 
 
3.3.1 HURP overexpression reduces the microtubule plus-end dynamics of Kif18A 
 
Given that HURP binds to Kif18A and regulates its kinetochore microtubule plus-end 
localization, we next hypothesized that the interaction between these two proteins may 
affect Kif18A dynamics at the plus-end of kinetochore microtubules. To test this, 
fluorescence recovery after photobleaching (FRAP) analysis was performed to quantify 
the dynamics of Kif18A at the plus-end of kinetochore microtubules. GFP-Kif18A was 





HeLa cells and synchronized at the metaphase stage as shown in Figure 3.11A. First, a 
3.5 μm × 3.5 μm square photobleaching area was placed on the metaphase spindle 
equator (Figure 3.11B). After photobleaching, the recovery of GFP signal intensity in this 
area was measured (Figure 3.11C, Movie S3-S6). Normalized intensity was fitted into a 
constrained exponential curve (Figure 3.11D) to calculate the half-life (T1/2) of GFP-
Kif18A (Figure 3.11E). The results show that the T1/2 of GFP-Kif18A measured in both 
mcherry-HURP (21.4 sec) and mcherry-HURP
278
 (19.9 sec) expressing cells were 
significantly increased compared to control cells (12.3 sec) (Figures 3.11C and 3.11E), 
suggesting a decrease in the turnover rate of GFP-Kif18A in mcherry-HURP and 
mcherry- HURP
278
 overexpressing cells. Meanwhile, the T1/2 of GFP-Kif18A measured in 
control cells (12.3 sec) and mcherry-HURP
Δ173-360 
overexpressing cells (11.5 sec) are 
very close, suggesting that mcherry HURP
Δ173-360
 has little or no effects on the turnover 









(A) Schematic flow diagram illustrating the metaphase synchronization procedure before 
FRAP analysis in this study.  
(B) Schematic flow diagram of FRAP analysis. GFP-Kif18A in dashed blue box was 
photobleached using a 405 nm laser. Time-lapse fluorescent images were acquired in a 
3.7 seconds interval and the mean fluorescence intensity of the 488 channel in the 
photoblesched area was measured. 
(C) Normalized recovery curve of GFP-Kif18A signal intensity after photobleaching. 





 and synchronized before 
FRAP assay as shown in Figure 3.S3A. A 3.5 3.5 μm2 square region of interest (ROI) 
was placed on on the middle of the mitotic spindle (Figure 3.S3B) and photobleached 
with a 405 nm laser. Images were acquired in 4 second interval. The recovery of GFP-
Kif18A signal intensity in the ROI was measured. Data was collected from 5 different 
independent experiments. “n” indicates the number of mitotic cell quantified. Error bars 
represent ±SEM.   
(D) Normalized recovery curves of FRAP assay were fitted into a single constrained 
exponential curve to calculate the recovery half-life (T1/2) in (C).  
(E) Bar chart representing the recovery half-life (T1/2) of GFP-Kif18A fluorescent signal 






(one-tailed t test). 
Error bars represent +SEM.  
 
 
3.3.2 HURP overexpression reduces the microtubule plus-end direct movement of 
Kif18A 
 
Kif18A is a microtubule plus-end directed processive motor. The reduction of Kif18A 
dynamics on microtubule plus-end may be due to the decrease of its movement velocity 
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in the presence of excessive HURP. To test this idea, PAGFP-Kif18A was co-
overexpressed with either mcherry-HURP or mcherry-HURP
278
 into HeLa cells and 
synchronized at the metaphase stage (Figure 3.12A). An area of 16 μm2 of the plus-end 
on one half of the kinetochore microtubules was then selected and photoactivated by a 
laser at 405 nm (Figure 3.12B). We selected an area of 2.64 0.66 μm2 at the plus-end of 
kinetochore microtubules in the photoactivated area to generate time-lapse kymograph 
(Figures 3.12C-3.12E). The linescan profile showed that photoactivated PAGFP-Kif18A 
rapidly accumulated towards the plus-end of kinetochore microtubules over time in 
control cells (Figure 3.12C; Movie S7). In contrast, in mcherry-HURP- or mcherry-
HURP
278
-overexpressing cells, the linescan profiles did not show a significant difference 
between 0s and 170s (Figures 3.12D and 3.12E), indicating that the time-dependent 
accumulation of PAGFP-Kif18A towards the plus-end of kinetochore microtubules 
occurred at a much slower rate. In addition, we measured the fluorescent signal loss of 
PAGFP-Kif18A in the photoactivated area (Figure 3.12F) and quantified the turnover 
half-lifes (T1/2) of PAGFP-Kif18A by fitting linear regression to normalized data of 
PAGFP-Kif18A fluorescent signal loss (Figure 3.12 G). The results were consistent with 
FRAP assay, which showed that overexpression of mcherry-HURP or mcherry-
HURP
278
significantly increased the T1/2 of PAGFP-Kif18A at microtubule plus-end 
compared to control (306.9 sec and 276.1 sec versus 196.2 sec), indicating a reduced 
Kif18A dynamics (Figure 3.12H). These results further support our hypothesis that 
HURP regulates Kif18A dynamics at the plus-end of kinetochore microtubules by 




Figure 3.12 HURP or HURP
278
 overexpression reduces the microtubule plus-end 
accumulation of Kif18A 
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(A) Schematic flow diagram illustrating the metaphase synchronization procedure before 
photoactivation analysis in this study.  
(B) Schematic flow diagram of Kif18A photoactivation analysis. Late prometaphase to 
metaphase HeLa cells overexpressing PAGFP-Kif18A were selected for photoactivation 
analysis. A 16 μm2 square area was photoactivated using a 405 nm laser. Time-lapse 
fluorescent images were acquired in a 10 seconds interval and the mean fluorescence 
intensity of the 488 channel was measured. 
(C-E) Representative kymograph images of PAGFP-Kif18A plus-end movement after 
photoactivation. Kymographs of the selected 2.64 0.66 μm2 area are shown. The plus-
end and the minus-end of the K-MT of the selected area are indicated. The line intensity 
profiles were generated for the first time point (0s) and the last time point (170s). 
(F) Normalized 488 channel (PAGFP-Kif18A) fluorescence intensity (Y-axis) over time 
(X-axis, second) after photoactivation measured in photoactivated area. “n” indicates the 
number of mitotic spindles analysed. Error bars represent ±SEM.   
(G) Linear regression trendline were added to each data set in (B). For control cells (red 
line), y = -0.0025x + 0.9904, R² = 0.9878; for mcherry-HURP overexpressing cells 
(green line), y = -0.0016x + 0.9911, R² = 0.982; and for mcherry-HURP
278
 
overexpressing cells (blue line), y = -0.0018x + 0.9969, R² = 0.997. 
(H) Bar chart representing the fluorescence dissipation half-lives (T1/2) of PAGFP-
Kif18A after photoactivation. Linear regression trend line was fitted into each dissipation 
curve in (F) to calculate the T1/2. Y-axis, time in second. Error bars represent +SEM.   
 
 
3.3.3 Deletion of Kif18A binding domain does not affect the microtubule stabilizing 
ability of HURP 
 
We next asked whether the effect of HURP on the turnover rate of Kif18A at the 
kinetochore microtubule is a secondary effect from the microtubule stabilizing function 
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of HURP. To answer this question, we performed fluorescence loss in photobleaching 
(FLIP) assay to study the turnover rate of GFP-α-tubulin in U2OS cells stably expressing 
GFP-α-tubulin synchronized at the metaphase stage (Figure 3.13A). Two photobleaching 
laser spots were placed away from the metaphase spindle and the decreasing rate of GFP 
signal intensity of the metaphase spindle was measured (Figures 3.13B-3.13D). Similar to 





 exhibites increased microtubule stabilizing effect compared to control cells. 





results in increased half life (T1/2) of GFP-α-tubulin ranging from approximately 156.7 to 
164.3 sec compared to that of control cells (123.6 sec). (Figure 3.13E). Notably, the 
overexpresion of HURP
Δ173-360
 shows similar microtubule stabilization effect with HURP 
and HURP
278
 overexpression, indicating that the deletion of the Kif18A binding motif on 
HURP has little or no effect on microtubule stability. This suggests that the Kif18A 
binding motif on HURP is independent from the microtubule binding motif of HURP. 
Taken together, the FRAP and FLIP analyses demonstrated that the role of HURP on 
Kif18A is independent from its microtubule binding and stabilizing function as 
HURP
Δ173-360 
deletion mutant retained its microtubule stabilization function similar to 
HURP and HURP
278 
even though its ability to bind Kif18A and regulate Kif18A 

























Figure 3.13 Deletion of Kif18A binding domain does not affect the microtubule 




(A) Schematic flow diagram illustrating the metaphase synchronization procedure before 
FLIP analysis in this study. 
(B) Representative images of mitotic spindle signal loss in FLIP assay. U2OS cells stably 





 and synchronized before 
FLIP assay as shown in Figure 3.S3A. Two photobleaching laser spot were placed away 
from the metaphase spindle to a diffraction-limited area. Images were acquired in a 3.7 
second interval. The GFP signal intensity of mitotic spindle was measured. “n” indicates 
the number of mitotic spindles analysed. Scale bar, 5 µm. 
(C) Normalized signal decreasing curve of mitotic spindle in FLIP assay. Dotted gray 
lines represent each individual measurement. Black line represents the mean of all 
measurements. Turnover half-lives (T1/2) for GFP-α-tubulin were calculated by linear 
regression. Data was collected from 4 independent experiments. The mean, SEM and p-
value of T1/2 were shown in the plots. 
(D) Normalized mean decreasing curve of GFP-α-tubulin signal intensity on metaphase 
spindle (Y-axis) over time (X-axis, second). Dotted gray line represents the fluorescent 
signal loss caused by laser used for image acquisition.  
(D) Bar chart representing the turnover half-lives (T1/2) of GFP-α-tubulin. T1/2 for GFP-α-
tubulin was calculated by linear regression analysis. Data was collected from 4 







(one-tailed t test). Error bars represent +SEM.  
(E) Schematic flow diagram of Kif18A photoactivation analysis. Late prometaphase to 
metaphase HeLa cells overexpressing PAGFP-Kif18A were selected for photoactivation 
analysis. A 16 μm2 square area was photoactivated using a 405 nm laser. Time-lapse 
fluorescent images were acquired in a 10 seconds interval and the mean fluorescence 














We had shown that the overexpression of HURP
278
 displaced proper kinetochore 
microtubule localization of Kif18A and reduced its dynamics at the plus-end of 
kinetochore microtubules. In addition, we quantified the expression level of GFP-
HURP
278
 in HeLa cells and found that the length of mitotic spindle (Figure 3.14A, X-axis) 
is positively co-related with the expression levels of of GFP-HURP
278
(Figure 3.14A, Y-
axis). Meanwhile, the occurrence of misaligned chromosomes (red dots in Figure 3.14A) 
is also positively co-related with the expression levels of GFP-HURP
278 
(green dots in 
Figure 3.14A). Given that the knockdown of Kif18A also induces elongation of mitotic 
spindle and lagging chromosomes, our results suggest that the more HURP
278
 is 
expressed, the more Kif18A will be sequestered at the kinetochore microtubules which is 
more likely to result in chromosome congression defects. Notably, we observed two types 
of lagging chromosomes phenotypes in HURP
278
-overexpressing cells. Quantitative 
analysis showed that 30.6% of HURP
278
-overexpressing cells contained the “moderate” 
lagging chromosomes (Figure 3.14E, yellow) which locate close to the aligned 
chromosomes at the metaphase plate (Figure 3.14B and 14C, middle) and could realign to 
the metaphase plate over time, while 24.5% of HURP
278
-overexpressing cells contained 
the “severe” lagging chromosomes (Figure 3.14E, red) which cluster around the spindle 
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poles away from the spindle equator (Figure 3.14B and 3.14C, right) but remain near the 
spindle poles over time.  
 
To test the specificity of the effect of HURP
278
 on Kif18A, we performed rescue 
experiments by introducing ectopic Kif18A protein.  As shown in Figure 3.14F, co-
overexpression of GFP-Kif18A with FLAG-HURP
278 
significantly reduces the 
percentage “moderate” lagging chromosomes from 30.6% to 14.9% (Figure 3.14E and 
14F), compared to that in HURP
278
-overexpressing cells (Figure 3.14E). This suggests 
that the “moderate” lagging chromosomes phenotype observed in HURP278-
overexpressing cells are caused by insufficient Kif18A at the plus-end of kinetochore 
microtubules, resulting in increased chromosome oscillation amplitude and a series 




Figure 3.14 Overexpression of Kif18A mainly rescues “moderate” lagging 





(A) Plot of the signal intensity (488 channel) versus spindle length in GFP-HURP
278
-
overexpressing HeLa cells. Green dots represent mitotic cells with aligned chromosomes; 
red dots represent mitotic cells with misaligned chromosomes. “n” indicates the number 
of mitotic cells quantified. 
(B) Example of two different types of lagging chromosomes phenotypes identified in 
HURP
278
-overexpressing HeLa cells. The “moderate” lagging chromosomes are 
represented by presence of lagging chromosomes close to the metaphase plate, while the 
“severe” lagging chromosomes are represented by chromosomes clustered in the vicinity 
of the spindle poles. 
(C) Schematic diagram representing “moderate” and “severe” lagging chromosomes 
phenotypes identified in HURP
278
-overexpressing cells. 
(D) The bar chart represents the percentage of mitotic cells with different types of lagging 
chromosomes phenotypes for WT HeLa cells (Control). Metaphase cells were 
synchronized by nocodazole treatment followed by MG132 treatment. “n” indicates the 
number of cells quantified. 
(E) The bar chart represents the percentage of mitotic cells with different types of lagging 
chromosomes phenotypes for HeLa cells co-transfected with FLAG-HURP
278
 and GFP 
vector only. Metaphase cells were synchronized by nocodazole treatment followed by 
MG132 treatment. “n” indicates the number of cells quantified. 
(F) The bar chart represents the percentage of mitotic cells with different types of lagging 
chromosomes phenotypes for HeLa cells co-transfected with FLAG-HURP
278
 and GFP-
Kif18A. Metaphase cells were synchronized by nocodazole treatment followed by 










In this study, we identified two types of lagging chromosomes in HURP
278
-
overexpressing cells. The “moderate” lagging chromosomes which locate close to spindle 
equator are likely anchored by long kinetochore microtubules arise from spindle poles 
(Figure 3.14C, middle).  The “severe” lagging chromosomes which locate close to 
spindle poles are likely mono-oriented and attached by short kinetochore microtubules 
(Figure 3.14C, right). The difference in the length of kinetochore microtubules attached 
to the “moderate” and “severe” lagging chromosomes suggests that the rescue of the both 
types of lagging chromosomes require at least one microtubule depolymerizer addition to 
Kif18A with distinct motor proporty. The reason we brought MCAK into this study was 
because we wanted to test the different capability of these two microtubule plus-end 
depolymerase, Kif18A and MCAK, in regulating chromosome congression. Although 
both motors are microtubule plus-end directed motor with microtubule depolymerase 
activity (Wordeman and Mitchison 1995; Hunter et al. 2003; Gupta et al. 2006; Varga et 
al. 2006; Mayr et al. 2007), they accumulate to the microtubule plus-ends in distinct 
manners. Unlike Kif18A which needs to walk processively through microtubules (Varga 
et al. 2006; Hough et al. 2009), MCAK is able to directly target to microtubule plus-end 
tips by diffusion (Helenius et al. 2006). Therefore, different from Kif18A, the 
accumulation of MCAK at microtubule plus-end is independent from the length of 
microtubules.  In addition, we tested the localization of GFP-MCAK in HURP
278
-
overexpressing cells, the result shows that the overexpression of HURP
278
 does not affect 
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the microtubule tip localization of MCAK, indicating that the effect of MCAK is 
independent from the regulation of HURP. 
 
Our results show that co-overexpression of FLAG-HURP
278
 and GFP-Kif18A 
significantly rescued the “moderate” lagging chromosomes phenotype (Figure 3.14F, 
yellow) because the ectopic GFP-Kif18A can partially overcome the blocking effect of 
HURP and thus rescue the “moderate” phenotypes. Given that the microtubule plus-end 
accumulation of Kif18A is dependent on the microtubule length, the “severe” lagging 
choromosomes attached by short kinetochore microtubules could only accumulate 
minimum amount of Kif18A (Figure 3. 14C, left), which explains why overexpression of 
Kif18A has a limited effect on the “severe” lagging chromosomes (Figure 3.14F, red). On 
the other hand, MCAK directly targets to the plus-end tips of kinetochore microtubules 
regardless the length of kinetochore microtubules (Figure 3.15B), therefore, it rescued 





Figure 3.15 Overexpression of MCAK mainly rescues “severe” lagging 




(A) Mitotic spindle localization of GFP-MCAK in WT HeLa cell (Control) and mcherry-
HURP
278
-overexpressing HeLa cells. Cells were stained with anti-α-tubulin antibody 
(yellow). DNA was labeled with Hoechst 33342. Scale bar, 5 µm. 
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(B) Schematic diagram representing “severe” lagging chromosomes phenotype rescueed 
by MCAK overexpression. 
(C) The bar chart represents the percentage of mitotic cells with different types of lagging 
chromosomes phenotypes for HeLa cells co-transfected with FLAG-HURP
278
 and GFP-
MCAK. Metaphase cells were synchronized by nocodazole treatment followed by 
MG132 treatment. “n” indicates the number of cells quantified. 
 
 
3.4.3 Overexpression of HURP
Δ173-360




To strengthen the idea that the effect of HURP on Kif18A is specific, we tested the 
spindle localization of GFP-Kif18A in HURP
Δ173-360
-overexpressing cells. The result 
shows that unlike overexpressiong of HURP
278
 which severely disrupts the localization of 
Kif18A (Figure 3.8A), overexpression of HURP
Δ173-360 
(Kif18A binding motif deletion 
mutant) has little or no effect on the microtubule plus-end accumulation of GFP-Kif18A 
compared to the control cell (Figure 3.16A). 
 
We next quantified the lagging chromosomes induced by HURP
Δ173-360
 
overexpression. The result shows that only 12.2% of cells overexpressed with HURP
Δ173-
360
 (Kif18A binding motif deletion mutant) contained “moderate” lagging choromosome 
(Figure 3.16B, yellow), similar to the cells co-overexpressed with GFP-Kif18A and 
FLAG-HURP
278
 (Figure 3.14F, yellow). These results strongly suggest the specificity of 
Kif18A regulation by HURP which is manifested in the occurrence of “moderate” 
lagging chromosomes when normal Kif18A and HURP function at the kinetochore 
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microtubule is perturbed. In addition, we also noticed that HURP
Δ173-360
-overexpressing 
cells have shorter mitotic spindle compared to HURP
278
-overexpressing cells, indicating 












Figure 3.16 Overexpression of HURP
Δ173-360
 induces less lagging chromosomes 
compared to overexpression of HURP
278
 
(A) Mitotic spindle localization of GFP-Kif18A in WT HeLa cell (Control) and mcherry-
HURP
Δ173-360
-overexpressing HeLa cells. Cells were stained with anti-α-tubulin antibody 
(yellow). DNA was labeled with Hoechst 33342. Scale bar, 5 µm. 
(B) The bar chart represents the percentage of mitotic cells with different types of lagging 
chromosomes phenotypes for HeLa cells transfected with FLAG-HURP
Δ173-360
. 
Metaphase cells were synchronized by nocodazole treatment followed by MG132 
treatment. “n” indicates the number of cells quantified. 
(C)The bar chart represents the length of mitotic spindle quantified in WT HeLa cells 
(Control), mcherry-HURP
278
-overexpressing HeLa cells and mcherry-HURP
Δ173-360
-




3.5 HURP 278-360 aa domain of is required for the proper K-fiber localization of 
HURP 
 
In this study, we show that the overexpression of HURP
278
 disrupts the proper 
microtubule plus-end accumulation of Kif18A and leads to a series of mitotic defects 
including chromosome misalignment and spindle elongation. Whereas the overexpression 
of HURP, which has stronger binding affinity to Kif18A and exerts more effect on the 
microtubule plus-end dynamics of Kif18A compared to HURP
278
, induces less severe 
mitotic defects. Given that HURP associates with K-fiber and HURP
278
 associates with 
entire mitotic spinde, we therefore suggest that the K-fiber localization of HURP is 
important for the proper function of Kif18A. 
 
Previous studies demonstrate that the K-fiber localization of HURP is regulated 
by Ran-Importin β pathway (Sillje et al. 2006) and the binding motif of Importin β 
locates on the N-terminal first 100 aa of HURP (Song and Rape 2010), which indicate 
that both HURP and HURP
278
 are subject to the regulation of Importin β. To understand 
the reason why HURP
278
 does not locate to K-fiber, we constructed a truncation fragment 
of HURP (HURP
368
) and a deletion mutant of HURP (HURP
∆278-360
) (Figure 3.17A) and 
tested the mitotic localization of these constructs in HeLa cells. Interestingly, compared 
to GFP-HURP
278
, overexpression of GFP-HURP
360
 shows dramatic microtubule plus-end 
accumulation, whereas overexpression of GFP-HURP
∆278-360
 associates with entire 
mitotic spindle (Figure 3.17B). These results suggest that the 278-360 aa motif is 
important for the K-fiber localization of HURP. To strengthen this idea, we investigated 
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the interphase localization of HURP
∆278-360
. The result shows that deletion of 278-360 aa 
dramatically changes the localization of HURP and allows GFP-HURP
∆278-360
 to 
accumulate into nucleus during interphase (Figure 3.17C). Since the interphase 
cytoplasm/nucleus localization is controlled by Importin and exportin (Ullman et al. 
1997), we therefore hypothesized that the 278-360 aa of HURP is responsible for 
regulating the binding between HURP and Importin β. To test this hypothesis, we 
performed Co-IP to investigate the interaction between HURP and Importin β. We firstly 
compared the binding between endogenous Importin β and FLAG-HURP or FLAG-
HURP
∆278-360
. The results show that deletion of 278-360 aa significantly weakened the 
binding between HURP and Importin β (Figure 3.17D). We firstly compared the binding 
between endogenous Importin β and FLAG-HURP278 or FLAG-HURP368. The results 
show that FLAG-HURP
368
 associates with more Importin β than FLAG-HURP278 (Figure 
3.17 E). These results suggest that 278-360 aa is important for the binding between 























Figure 3.17 in HURP 278-360 aa domain is required for the proper K-fiber 
localization of HURP 
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. Mitotic spindles were labeled with anti-
α-tubulin antibody (red), DNA was labeled with Hoechst 33342. Scale bar, 5 µm. 
(C) Fluorescent images of interphase HeLa cells transfected with GFP-HURP or GFP- 
HURP
Δ278-360
. Microtubules were labeled with anti-α-tubulin antibody (red), DNA was 
labeled with Hoechst 33342. 
(D) Whole cell lysates of 293T cells transfected with FLAG vector, FLAG-HURP and 
FLAG-HURP
Δ278-360 
were collected for Co-IP using FLAG M2 beads. 
Immunoprecipitated proteins were blotted for Importin β. The overexpression level of 
FLAG-HURP and FLAG-HURP
Δ278-360
 were detected using an anti-FLAG antibody. 





were collected for Co-IP using FLAG M2 beads. Immunoprecipitated 
proteins were blotted for Importin β. The overexpression level of FLAG-HURP278 and 
FLAG-HURP
368














The activities of motor proteins and MAPs synergistically modulate the dynamics of 
kinetochore microtubule and chromosome movement to ensure proper chromosome 
congression during mitosis for faithful segregation of genetic material (Wood et al. 1997; 
Antonio et al. 2000; Kalab et al. 2006; Mayr et al. 2007; Wordeman et al. 2007; Cai et al. 
2009). HURP, a novel RanGTP targeted MAP bundles and stabilizes K-fibers to facilitate 
kinetochore capture (Sillje et al. 2006; Wong and Fang 2006; Song and Rape 2010). The 
depletion of HURP leads to misaligned chromosomes and mitotic delay (Wong and Fang 
2006), suggesting a vital role of HURP in regulating chromosome congression. However, 
the mechanism by which HURP regulates chromosome congression is poorly understood. 
Here, we present a novel mechanism in which HURP controls chromosome congression 
by modulating the function of a microtubule plus-end depolymerase, Kif18A at the 
kinetochore microtubules (Gupta et al. 2006). Kif18A accumulates on the plus-end tip of 
the kinetochore microtubules in a length dependent manner and thus selectively 
depolymerizes longer microtubules for kinetochore microtubule dynamics and 





The N-terminal microtubule binding domain of HURP, HURP
278
, when 
overexpressed, constitutively binds to the entire kinetochore microtubules and induces 
mitotic defects mimicking the phenotypes of Kif18A depletion (Figure 3.2; Figure 
3.6)(Mayr et al. 2007; Stumpff et al. 2008). This led us to identify Kif18A as a novel 
interaction partner of HURP. This interaction ensures proper localization of Kif18A and 
the regulation of its dynamics at the plus-end of kinetochore microtubules (Figure 3.7A; 
Figure 3.11). The overexpression of HURP
278
 compromises the rapid microtubule plus-
end directed accumulation of Kif18A at the kinetochore microtubules (Figure 3.11; 
Figure 3.12). The deficiency of Kif18A at the plus-end tips of kinetochore microtubules 
in turn results in an increase of chromosome oscillation amplitude due to a decrease of 
kinetochore oscillation direction switching rate and an increase of kinetochore movement 
velocity (Figures 3.6). Thus, lack of Kif18A at the plus-end of kinetochore microtubules 
in HURP
278
-overexpressing cells induces defective chromosome congression leading to a 
delay in mitosis (Figure 3.4; Figure 3.5). The binding between Kif18A and HURP
278
 was 
found to be weaker than the binding between Kif18A and the full-length HURP (Figure 
3.9A), suggesting that HURP
278
 might not possess an intact Kif18A binding motif. We 
identified that 173-360 aa motif in HURP is responsible for Kif18A binding, in which 
deletion of this domain abolishes the interaction between HURP and Kif18A (Figure 
3.10). We found that the regulation of Kif18A by HURP is independent from the 
microtubule stabilizing function of HURP as HURP
Δ173-360
 exerts similar microtubule 
stabilizing effects as HURP and HURP
278
 (Figure3.13) but does not affect Kif18A 




Indeed, the kinetochore microtubule plus-end accumulation of Kif18A is specifically 
regulated by HURP as overexpression of Kif18A partially rescues the “moderate” 
lagging chromosomes phenotype in HURP
278
-overexpressing cells (Figure 3.14). We 
propose that the presence of “moderate” lagging chromosomes phenotype is the result of 
misregulated chromosome oscillation caused by the displaced localization of Kif18A on 
the kinetochore microtubules in the presence of HURP
278 
(Figure 3.8). Hence, the 
reduced Kif18A accumulation and dynamics at the plus-end of kinetochore microtubules 
in HURP
278
-overexpressing cells protects K-fibers from Kif18A microtubule 
depolymerase activity and thus reduces kinetochore microtubule dynamics. This in turn 
results in a series of mitotic defects that mimic the phenotypes of Kif18A depletion. 
 
Interestingly, we found that the deletion of Kif18A binding motif of HURP 
(HURP
Δ173-360
) not only reduced the percentage of the cells with “moderate” lagging 
chromosomes but also reduced the percentage of the cells with “severe” lagging 
chromosomes phenotype (Figure 3.16). The “severe” lagging chromosomes phenotype is 
likely to arise from mono-oriented chromosomes attached to one spindle pole. Given that 
the microtubule plus-end accumulation of Kif18A is dependent on microtubule length 
(Varga et al. 2006; Stumpff et al. 2008); the amount of Kif18A present at the plus-end of 
these short kinetochore microtubules attached to mono-oriented chromosomes may be 
minimal. Therefore it is unlikely to be rescued by ectopic expression of Kif18A. The 
significant reduction of the percentage of cells containing “severe” lagging chromosome 
phenotypes by the overexpression of HURP
∆173-360
 suggests that the remaining HURP 








Based on these findings, a regulatory mechanism for Kif18A function at the 
kinetochore microtubules in maintaining proper chromosome congression is proposed 
(Figure 4.1). We suggest that the K-fiber localization of HURP plays a very important 
role in regulating the motor protein Kif18A. Compared to HURP
278
 overexpression, 
overexpressed HURP is localized to the plus-end of kinetochore microtubules (Figure 
3.2A), similar to that of endogenous HURP (Figure 3.7A). In addition, our BiFC assay 
showed that the interaction between HURP and Kif18A mainly occurred at the plus-end 
of kinetochore microtubules (Figure 3.9C).  These results suggest that the interaction 
between HURP and Kif18A is limited to a relatively small region at the plus-end of 
kinetochore microtubules. Unlike HURP, the interaction between HURP
278
 and Kif18A is 
not limited to the K-fiber since HURP
278
 associates with entire mitotic spindle (Figure 
3.1B; Figure 3.2A). Therefore, the difference in the localization of HURP and HURP
278
 
at the kinetochore microtubule may explain why overexpression of HURP
278
 induces 
more severe mitotic defects compared to overexpression of the full-length HURP, mainly 
due to its localization. 
 
The association between HURP and Kif18A creates a comet-like gradient pattern of 
Kif18A at the plus-end tip of kinetochore microtubules at the K-fibers (Figure 3.7A; 
Figure 4.1A). However, overexpression of HURP
278
 affects the proper plus-end tip 
accumulation of Kif18A at the kinetochore microtubules (Figure 3.8; Figure 4.1B). This 
in turn results in a series of mitotic defects including misaligned chromosomes due to 
reduced Kif18A microtubule plus-end depolymerase activity. In contrast, knockdown of 
HURP leads to dots-like localization pattern of Kif18A at plus-end of kinetochore 
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microtubules (Figure 3.7), which is likely due to the enhanced plus-end transportation of 
Kif18A in the absence of HURP (Figure 4.1C).We also propose that the interaction 
between HURP and Kif18A may be important for kinetochore capture and bi-orientation 
for proper chromosome congression (Figures 4.1D-4.1F). We propose that in the early 
stage of mitosis, bipolar spindle formation can be driven by both microtubule nucleation 
at the centrosomes and kinetochores. RanGTP gradient at the vicinity of chromosomes 
activates HURP at the K-fibers to bundle and stabilize K-fibers (Koffa et al. 2006; Sillje 
et al. 2006). Meanwhile, microtubules plus-end directed motor molecules such as 
Kif18A, accumulates at plus-end tips of microtubules in a length dependent manner and 
promotes microtubules depolymerization to generate dynamically instable microtubules 
(Varga et al. 2006; Mayr et al. 2007; Stumpff et al. 2008). (Figure 4.1D). The localization 
of HURP at the K-fiber specifically regulates the dynamics of kinetochore microtubules. 
The interaction between HURP and Kif18A compromised the microtubule plus-end 
directed accumulation of Kif18A at the kinetochore microtubules. This in turn protects 
the K-fibers from the microtubule depolymerase activity of Kif18A and therefore further 
enhanced K-fiber stability. Stabilized K-fibers are arguably easier to be captured by astral 
microtubules. Unlike K-fibers, HURP is absent at the astral microtubules. Hence, the 
length dependent accumulation of Kif18A at the plus-end tip of astral microtubules 
enhances astral microtubules dynamic instability to search through cytoplasm for 
efficient kinetochore or K-fiber capture(Figure 4.1E). Once bi-orientated kinetochores are 
formed, the length of kinetochore microtubules is significantly increased. This promotes 
length dependent accumulation of Kif18A on kinetochroe microtubules. Limited amount 
of HURP which strictly localizes at the K-fibers could not suppress the accumulation of 
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Kif18A at kinetochore microtubule plus-ends. Hence, microtubule length dependent 
accumulation of Kif18A at the plus end tip of kinetochore microtubules regulates 
kinetochore microtubule dynamics for proper chromosome oscillation and efficient 
chromosome congression toward the metaphase plate (Figure 4.1F). 
 
4.2 Conclusion and recommendation 
 
This study was aim to explore the underlying mechanism of how HURP affects 
chromosome congression. To answer this question, we firstly quantified the mitotic 
defects induced by HURP
278
 overexpression. Next, we used live cell imaging to 
investigate the chromosome dynamics of HURP
278
 overexpressing cells. In addition, we 
identified Kif18A as a novel interacting partner of HURP. Lastly, we performed FRAP 
assay and used PAGFP-Kif18A to study the effect of HURP on Kif18A. Taken together, 
this study provided new insight into the roles of HURP in regulating chromosome 
congression by modulating Kif18A function. This section presents a summary of the key 
findings identified in this study.  
 
4.2.1 Overexpression of HUPR
278
 induces mitotic defects mimicking Kif18A 
knockdown phenotypes 
 
Previous HURP domain function study shows that overexpression of HURP N-terminal 
results in chromosome congression defects and spindle elongation (Wong et al. 2008).  





 and quantified the mitotic defects of HURP
278
-overexpressing HeLa 
cells. Consistent with previous study, our data show that overexpression of 
HURP
278
significantly increased the percentage of lagging chromosome containing 
mitotic cells (Figure 3.2D) and markedly prolonged the length of mitotic spindle 
compared to control cells (Figures 3.2A and 3.2B). In addition, overexpression of HURP 
also shortened the interkinetochore distance compared to control cells (Figure 3.2C), 
indicating the loss of force generated by kinetochore microtubules. These mitotic defects 
likely activated the spindle checkpoint pathway and led to a prolonged mitosis (Shannon 
et al. 2002; Lens et al. 2003) (Figure 3.3; Figure 3.4). To gain more insight into how 
HURP
278
 affect chromosome congression, we investigated the dynamics of chromosomes 
in HURP278 overexpressing cells (Figure 3.5) and quantified the oscillatory movement 
of kinetochores (Figure 3.6). The results show that the overexpression of HURP
278
 
enlarged the chromosome oscillation amplitude compared to control cells, suggesting a 
misregulation of the dynamics of kinetochore microtubules (Inoue and Salmon 1995). 
Interestingly, the mitotic defects induced by HURP278 overexpression, exactly replicate 
the knockdown phenotypes of Kif18A, which also show the large scale misalignment of 
chromosomes, the elongation of mitotic spindle, the shortening of interkinetochore 
distance and most importantly, the increase of kinetochore oscillation amplitude (Mayr et 
al. 2007; Stumpff et al. 2008). Since Kif18A was shown to specifically regulation the 
oscillatory behavior of kinetochores (Mayr et al. 2007; Stumpff and Wordeman 2007; 
Gardner et al. 2008; Stumpff et al. 2008), our data strongly suggest a relationship 




4.2.2 HURP associates with Kif18A and regulates its dynamics on microtubule plus-
ends 
 
Based on the phenotypes induced by the overexpression of HURP
278
, we hypothesized 
that Kif18A is a novel interacting partner of HURP. To test this idea, we performed the 
Co-IP assay and BiFC assay to verify the interaction between HURP and Kif18A. The 
results show that HURP interact with Kif18A at the plus-end of kinetochore microtubules 
in vivo (Figure 3.9). To test whether the localization of Kif18A is determined by HURP, 
we tested the spindle localization of GFP-Kif18A in the background of HURP 
knockdown. The result shows that HUPR specifically regulate the localization of Kif18A 
at the plus-end of kinetochore microtubules but not astral microtubules (Figure 3.7). In 
addition, we found that overexpression of HURP
278 
severely disrupted the microtubule 
plus-end accumulation of Kif18A (Figure 3.8). As a plus-end direct kinesin motor with 
microtubule depolymerase activity, the accumulation of Kif18A at microtubule plus-end 
is crucial for its function in regulating chromosome oscillation and congression (Varga et 
al. 2006; Mayr et al. 2007; Stumpff et al. 2008). To understand more detailed mechanism 
of how HURP regulates Kif18A, we performed FRAP assay and used PAGFP-Kif18A to 
quantify the dynamics of Kif18A in HURP or HURP
278 
overexpressing cells. The results 
show that both overexpression of HURP and HURP278 dramatically decrease the 
dynamics of KIf18A at plus-end of microtubules (Figure 3.11; Figure 3.12). To justify 
that the effect of HUPR on Kif18A is independent from the microtubule bundling and 
stabilizing ability of HURP, we identified the Kif18A binding domain on HURP (173-
360 aa) (Figure 3.10). We show that the deletion of this Kif18A binding domain does not 
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affect the effect of HURP on Kif18A (Figure 3.10; Figure 3.11; Figure 3.13), indicating 
that the Kif18A binding domain is independent form the microtubule binding domain of 
HURP. 
 
4.2.3 HURP regulates chromosome congression in a Kif18A dependent manner 
 
The identification of the interaction between HURP and Kif18A raises a possibility that 
HURP controls chromosome congression via modulating Kif18A. We show that 
HURP
278
associates with Kif18A and decrease its dynamics at the plus-end of 
microtubules. Therefore, in the background of HURP
278
 overexpression, Kif18A likely 
cannot efficiently accumulates to the plus tips of microtubules and properly regulate the 
dynamics of kinetochore microtubules, and the lagging chromosomes identified in 
HURP
278
-overexpressing cells are likely induced by the insufficient Kif18A activity at 
the plus tips of kinetochore microtubules. We tested this hypothesis by introducing 
ectopic GFP-Kif18A to overcome the blocking effect of HURP
278
 on Kif18A. The result 
shows that overexpression of GFP-Kif18A mainly rescued the “moderate” lagging 
chromosome which locates close to spindle equator (Figure 3.14). This result 
strengthened our idea that HURP regulates chromosome congression in a Kif18A 
dependent manner. 
 
In summary, we describe for the first time a potential regulatory mechanism for 
Kif18A function at the kinetochore microtubules in regulating chromosome movement 
and congression during mitosis. We show that the localization and dynamics of Kif18A at 
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the plus-end of kinetochore microtubules is specifically dependent on the expression 
levels of HURP.  
 
Extensive studies showed that kinesin motors modulate chromosome capture and 
congression in an assorted manner. For example, CENP-E locates on the kinetochore and 
is important for gliding kinetochores alongside the K-MTs (Cai et al. 2009); the 
chromokinesin Kid (Kif22) associates with chromosomes and involves in the 
chromosome arm orientation;(Levesque and Compton 2001) MCAK targets to mono-
orientated chromosomes and restores the bi-orientation by amputating the connection 
between K-MTs and mis-orientated kinetochore (Knowlton et al. 2006; Huang et al. 
2007). In Xenopus egg extract, HURP forms a protein complex consist of TPX2, 
XMAP215, Importin β, Aurora A and Eg5 (Koffa et al. 2006), the exact roles of how 
each component interacts with others in this complex and how this complex regulates 
mitosis are poorly understood. Interestingly, similar to Kif18A, Eg5 (Kif11) is another 
MT plus-end direct motor protein that belongs to kinesin 5 family (Sawin et al. 1992; 
Tomishige 2008). During mitosis, Eg5 crosslinks and slides antiparallel MTs to generate 
force maintaining the bipolarity of the mitotic spindle (Tomishige 2008). Therefore, the 
abnormally elongated mitotic spindle identified in HURP
278
 overexpressing cells might 
related to a defective Eg5 function. Kinesin motors generally share a conserved motor 
domain. We found that HURP interacts with the N-terminal motor domain of Kif18A 
(data not shown), indicating an exciting possibility of that HURP interacts with multiple 
kinesins in addition to Kif18A and Eg5. If true, understanding how HURP roles its K-
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fiber territory by controlling kinesins would provide important new insight into the 
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A1 Interphase localization of HURP fragments 
 
To gain more insight into the domain function of HURP, we tested the interphase 









 in HeLa cells (Figure 
A1A). The results show that GFP-HURP mainly locates to cytoplasm and co-localizes 





, mainly locates to nucleus. On the other hand, the 





mainly locates to cytoplasm similar to the GFP-HURP. This data indicate that HURP has 
at least two regulatory domains that control the nucleus-cytoplasm shuttling, one of them 






Figure A1 Interphase localization of HURP fragments 
 


























A2 Identify microtubule binding domain of HURP 
 
HURP domain function study shows that the N terminus of HURP (1-278aa) is 
responsible for the microtubule binding (Figure 3.1). To further pin down the microtubule 





 (Figure A2A) and tested their mitotic localization in HeLa 
cells. The results show that GFP-HURP
163
associates with spindle microtubules whereas 
GFP-HURP
160-278
 mainly associates with chromosomes (Figure A2B). This data suggest 
that the 1-163 aa motif of HURP is responsible for the microtubule binding. Since our 
data show that overexpression of HURP
278
 increases the mitotic index (Figure 3.3) and 
prolonged the mitosis progression (Figure 3.4), to investigate whether these effects were 
caused by overexpression of microtubule binding motif, we used FACS to analysis the 




overexpressing HeLa cells. The 
results show that overexpression of GFP-HURP
163
 but not GFP-HURP
160-278
, increase the 





Figure A2 Investigation of microtubule binding domain of HURP 
 












. Microtubules were labeled with anti-α-tubulin antibody (red). DNA was 




A3 Additional mitotic defects induced by overexpression of HURP
278 
 
We show that overexpression of N-terminal fragment of HURP, HURP
278
, leads to a 
series of mitotic defects including mitotic spindle elongation (Figure 3.2A and 3.2B), 
prolonged mitosis (Figure 3.4), reduced interkinetochore distance (Figure 3.2C) and 
chromosome mis-alignment (Figure 3.2A and 3.2D). Here we show additional mitotic 
defects that observed in HURP
278
 overexpressing HeLa cells. We found that the HURP
278
 
overexpression induced misaligned chromosomes were able to recruit BubR1, a spindle 
checkpoint protein to their kinetochores, indicating the defects in tension generation of 
the mitotic spindle (Figure 3.2A). Detailed quantification of these phenotypes may shed 


















Figure A3 Additional mitotic defects induced by overexpression of HURP
278 
 
(A) Fluorescent images of mitotic HeLa cells transfected with GFP-HURP
278 
(red). 
BubR1was labeled with anti-α-BubR1 antibody (green), DNA was labeled with Hoechst 
33342. Scale bar, 5µm. 
(B) Fluorescent images of mitotic HeLa cells transfected with GFP-HURP
278 







A4 Deletion of D-box stabilizes HURP 
 
Sequence alignment shows that HURP contains two potential D-boxes. The D-box1 
locates on the 26-37aa of HURP and the D-box2 locates on the 573-581aaof HURP. 
Previous studies show that Cdc20 and Cdh1 are potential binding partners of D-box, we 
investigated the interaction between HURP and Cdc20 or Cdh1 by Co-IP assay (Figure 
A4A). The results show that FLAG-HURP is able to associate with HA-Cdc20 or HA-
Cdh1 and this interaction increases during mitotic phase. These data suggest that Cdc20 
and Cdh1 are responsible for controlling the protein stability of HURP during mitosis. 
Previous studies show that Cdc20 and Cdh1 bind specifically to D-box, to test whether 
this binding contributes to the degradation of HURP, we constructed two deletion mutant 
of HURP, HURP
ΔD1
 (26-37 aa deletion) and HURP
ΔD2 
(573-581 aa deletion). The protein 
stability assay shows that deletion of either D-box1 or D-box2 of HURP significantly 
increases the stability of HURP (Figure A4B), indicating that the D-box motif on HURP 
is responsible for controlling HURP degradation and potentially involves in the 
interaction between HURP and Cdc20 or Cdh1 during mitosis. These results were 
supported by a recently published article, which shows that APC/C
Cdc20/Cdh1
 complex is 




Figure A4 Deletion of D-box stabilizes HURP 
 
(A) Whole cell lysates of HEK 293T cells co-transfected with FLAG vector and HA-
Cdc20 or HA-Cdh1, FLAG-HURP and HA-Cdc20 or HA-Cdh1 were collected for Co-IP 
using FLAG M2 beads. Immunoprecipitated proteins were blotted for Importin β. The 
overexpression level of FLAG-HURP and FLAG-HURP
Δ278-360
 were detected using an 
149 
 
anti-FLAG antibody. Cells were either synchronized in S phase by double thymidine 
arrest (Interphase) or in mitosis by nocodazole arrest (Mitosis) 





were collected from different time points (0-10 hours). Cells were treated 
with DMSO (control) or 10 µM cycloheximide (CHX) diluted in DMSO. The protein 






co-localizes with Kid (Kif22) and Kif2a 
 
Our data show that HURP associates with Kif18A and regulates the dynamics and 
microtubule plus-end accumulation of Kif18A (Chapter 3). Given that Kif18A belongs to 
kinesin family and most members of kinesin family share a conserved kinesin motor 
domain, we would like to know whether HURP also interacts with other kinesins through 
the conserved motor domain. To answer this question, we tested the localization of Kid 
(Kif22) and Kif2a in HURP
278
 overexpressing HeLa cells. The results show that 
endogenous Kid co-localizes with GFP-HURP
278 
(Figure A5A). In addition, 
overexpression of GFP-HURP
278
 slightly changes the localization of endogenous Kif2A 
(Figure A5B). These data suggest that HURP may interact with other kinesin family 








 co-localizes with Kid (Kif22) and Kif2a 
 
(A) Fluorescent images of mitotic HeLa cells transfected with GFP-HURP
278 
(orange). 
Kidwas labeled with anti- Kid antibody (green). Microtubules were labeled with anti-α-
tubulin antibody (red). DNA was labeled with Hoechst 33342. Scale bar, 5µm. 
(B) Fluorescent images of mitotic HeLa cells transfected with GFP-HURP
278 
(orange). 
Kif2awas labeled with anti-Kif2a antibody (green). Microtubules were labeled with anti-






A6 Potential interacting partners of HURP identified by silver staining and mass 
spectrometry (MS) 
 








 in HEK 293T cells. Whole cell lysates of HEK 293T cells were collected for sliver 
staining. The protein bands differed from the control (Figure A6, arrows) were excised 
from the gel and sent to MS analysis for protein identification. The numbers indicates the 
potential HURP interacting partners identified by MS. 1: Beta-actin. 2: GAPDH. 3: 






Figure A6 Potential interacting partners of HURP identified by silver staining and 
MS 
 







were collected for 
Co-IP using FLAG M2 beads. All protein bands were detected by silver staining. Arrows 
indicates the potential protein associated with HURP or HURP fragments compared to 
control. Numbers indicate the protein identified by MS. 1: Beta-actin. 2: GAPDH. 3: 
HURP 
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